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The system of inland as the Great 
Lakes of the St. Lawrence Basin, } many features in common 


with the nav igation of the high seas. a These bodies of water are ie ale 
great ‘magnitude. | ‘The vessels w hich sail upon them rival in size sea- 


ing craft, and are built to withstand storms which 1 approach i in fury gst 


ose of the ocean itself. - Light- -houses and fog signals define the 
poe of dangerous coasts, and breakwaters are required to 


- the open r roadsteads. The lake por ts are essentially mar maritime ports, i 


d the connecting resemble maritime straits | canals 


~s * Captain, Corps of of Engineers, VU. 8. A. : Lieutenant-Colonel and 
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“now r reached a a magnitude which makes 

the ocean commerce 

“lake e ports doa business exceeded by seaports, om- 
‘merce whieh the Sault Ste. Marie » Canal a: ond the St. Clair 


the of connecting channels, common & 
in the interests of navigation, alike on the lakes and on the ocean. -, = 


‘There are, however, two important physical characteristics which 


ereate a notable bet ween the conditions of ocean and lake 


g nevigation. m0 One of these i is the existence e of diurnal tides on the « ocean 


h except | 


tidal waters. The other | belongs to to the leken, ona relates to o their condi 


as bodies of fresh water with a perennial overflow. This character- 
istic not only gives rise to problems new and distinct i ‘in themselves, but 
sit affords new solutions for old problems maritime 
gation in in n general. is to a consideration of this particular feature: of 
‘ _ the navigation of the Great Lakes that the present paper | is devoted. : 
a otwithstanding the vast magnitude oo | these lakes and their 


‘semblance i in n many par particulars to ital waters, . they are, after. all, only f 


istic of all streams. The c co onnecting channels and final outlet 


ure 


carry a continuous current, in one unlike maritime 


lakes and their connecting ¢ thus constitute ris river sys- 


tom, that system differs from nearly all others in this particular—that 


the flow in the outlets is pract m pt 


which of obtain nearly al 
found, of course, in the "controlling action of these lakes as great 
reservoirs interposed i in the course of the stream, he storage 
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CHITTENDEN ON RESERVOIR SYSTEM OF GREAT LAKES. 
ferent from that of an ordinary river. This influence is not 


causes general ri rise of mean an level, the storage of maintains the 


— in the outlets during the ensu ensuing years rs of less than’ average pre- 7 ; 


gipitation. The balance of fo forces es which Nature has here produced in 


the course of long ages is one of the most features of these 


lakes; and a careful contemplation of it. “cannot fail to convince one 
an almost perfect compromise been reached between the 
contlicting - oscillations of lake level ‘and outlet I 


"ficult to see how either could be brought nearer to absolute e uniformity 2 


"without a » resulting ape © in the other which would more than 


Perfect as this natural condition is, however, it yet does n not ot 
the ambition of those who make commercial use of it There aremany 


the oscillation i in lake levels as an ev ril which ‘ought ‘not 
to be suffered to tocontinue. T _ The ship- -owner, who loads his boat to the irs 7%, 


limit of harbor complains 18 when the waters subside and 

compel him to load to a a lighter draft. ‘The periodic oscillation in par- 


ticular, which every now and then results in a continuous subsidence 


of mean level through a series of years, is very damaging to com- 


appre 


cial interes sts and | naturally causes a good deal of appre 

Lake carriers are led, al account of it, to clamor fer a corrective, — 

4 which, if applied, ‘might entail than those of a! falling 

level, for they apparently forget that it is this vi is very subsidence 


4 


Various causes have give this subject anusuel 

4 prominence i in recent years, A period | seal what might be called dry 
years rs culminated in 1 1895, in the lowest mean level in Lakes Michigan, 
as and ‘Erie that has ever been experienced 8 since the commerce of 


the lakes has b been a matter of great moment. artificial enlarge 


_ ment of the natural cross-sections of some of the connecting _ channels, 


- for the improvement of navigation, has b been thought by many to to have ee 


contributed to t is result. Simultaneously with the continuance of in 


this unfavorable c condition w w ere the commencement and vigorous prose- 


— eution of a project which contemplates the permanent with withdrawal of a 7 


of water f from Lake Michigan, the possible 1 maximum 


on being 10 000 cu. ft. per second. . All of these coincident 
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causes of alarm created no little uneasiness among commercial in- 


_terests, and gave rise to a great deal of consideration as 


Ways and means of averting. the threa atened dangers Several ‘public 


discussions a considerable amount of professional literature on 
4 the s1 subject wi were ere the first result. i ‘The matter finally came up in Con- = 


7 4 gress in 1 in the he shape | of several reports which were made the basis of s ie 


bill* to ) provide for a thorough investigation of the whole question. 
_ In the meanwhile Nature commenced re removing the immediate cause of a. 


apprehension, for the mean lake levels have been ‘rising | since 1895, 
and very likely will continue to rise for some time to come. As a 


natural result, the urgent clam or for acti on, which was: so prominent 


3 a few years ago, subsided as the lake levels rose, and will probably 1 not — 
/ assume troublesome proportions again until a new period of low water os 
nae "arrives. . The problem, n nevertheless, is before us for | solution, andthe 
‘c Fe respite afforded | by the natural relief x now wr being enjoyed should not be = 
permitted to go ) unimproved, but: should be utilized to the utmost to 
bring about a a well-digested plan “of action before the hour of neces- fe 


This s problem, as developed by the general ‘discussions | already 1 re- 


(1) A control of the lake levels which their and periodic 
may be, not altogether eliminated, still materially 


directed, among other an inquiry y and an as to 

* it is aaa to outed the waters of the Great Lakes and main- a 

ine them at substantially a uniform level at all seasons of the year, Bs 
* a dam or dams or other works placed in Niagara River at the out- 
of Lake Erie, and by a system of wing dams: or other structures 

placed in the Detroit River and the St. Clair River, and the Sault Ste. \ 


_ Marie or St. Mary’s River, at or near the respective outlets of Lakes 

‘The w words “ substantially a uniform level” are not specifically in- 


terpreted, bu but a limit of oscillation of 6 ins ins. has | been urged as as prac- 


ticable one, at least for Lake Erie. 


A ‘permanent elevation of lake by means: ‘of con- 


- tracting works in the outlets. This, it is urged, would be the sim- 
* This particular bill did not becomes law. 
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_ plest, most e effective and most economical method of securing a per-— A | 

manent increase of depth in the ports and connecting channels of 


(3) Some means of counteracting the tendency to a permanent low- 


Es ing of lake levels | due to an artifical enlargement of natural cross: 


aoe may be accepted as & preliminary ‘condition, to which | there can 


any portion of overflow to another w water-shed. 


ie : be no qualification, that any al alteration of natural conditions in the y. 
= Lakes, which s shall result in a material diminution of flow i in e* 
the outlets ‘during ar any portion of the navigation ‘season, cannot 


for a moment. fit therefore becomes a matter | of the first 


importance to determine what effect the attainment of any of 
above. objects. will have on the flow in these outlets. 
Inasmuch as the navigation syste stem of the Great Lakes, as 


out, is Virtually a 2 river regulated by immense reser- 


reservoir action in the regulation of stream . flow. 


a 1. —The effect of a natural reservoir upon a stream passing _ ‘ough it is 


i. reduce variations and irregularities of Slow a: and to yive the stream a more 
teniform discha ge upon leaving the reservoir ‘than it had entering. 


The explanation of common on phenomenon is obvious. “When 


2 


when the is decreasing, the outflow not generally 
ame rate, for it will be reinforced by the storage which flows 


reservoir falls. that, while the total outflow may equal 
total inflow, it will not , generally show the same extremes of varia- p 


tion. The effect is analogous to that of a balance wheel upon the 


a. ation of machinery; the wheel being virtually a a reservoir of force, in 


oe irregular and sudden impulses are stored, ary from which the 


stored force is paid out to sustain motion whenever there are sudden 


or irregular aeetnentinad in the application of the moving force. 


— 
Berti me rate, for a portion of the inflow will be ab- “Ss BR 
ig 
if 
— 


To, 


Q represent the discharge o of the ‘outlet i in feet. 


a h represent the variable height in n feet of the reservoir surface _ 


above at any y datum, and of the outlet immediately at 


Let ¢ t represent the time in seconds from an assumed wigs to any 
Let A represent th area the reservoir it in feet 


8 Then, at at any in instant, aaa rate » of c 


he f following equation: 


discharge of the outlet is is 
te in which / f (h) always i increases and diminishes wit 


_ form, in any given case, depending upon the characte 


(2) 


of the outlet 
From equation (1) it is seen that wheney er h is increasing, dhis is 
positive, | and @ S; and ‘that whenever it is diminishing dhis 
‘ negative « and also, that when and are at maximum or 
minimum, dh is zero and Q = pee 
a In any cycle of changes, the maximum value of S precedes’ Sa is ea 
‘greater t than the maximum value of of if if the curves of S and 
were both plotted to the « same time scale, and if both maxima were me ‘G 
equal at and simultaneous, the two curves would be tangent to each 
= at that point + where eQ= =% B But it has been seen that when n Qi is : 
approaching maximum it it is less than and that after er leaving its 


maximum itis greater than S. The two curves thus” intersect at the 


point where Q = S, and therefore cannot be > tangent; and since, at 
this point, t, Qi is at a maximum and S i is s falling, S must have already w 
maximum ¢ greater than that of In like manner, it will 
Seen that the minimum ot Q follows, and is 
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‘From equation it will ill also be seen that, other her things being 


equal, t the , moderating effect of a reservoir ‘upon “stream ream flow varies. is 


was: 


way y of ¢ quelificetion, because in the practical uses sto which 


artificial 1 are often put, the proposition is not strictly ru 


Ins some “reservoirs the outlets are entirely closed during certain : 

. periods, and the water is is all released at other periods, so that, in such — wrt 


r cases, the natural fluctuations in the flow of the stream 1 may actually 
be increased, or at least be radically al altered in their periods. 


i in natural reservoirs there are re apparent, ont, if real, exeep- 

tions. Ite a reservoir. ver very in comparison the volume of 


of level in the different. due to supply 


to an upper reservoir, will diminish with 
will approach zero as a limit. 


It has: ‘been seen that in any ‘reservoir th e variation 0 of Qi is less 


lower outlet, 


Variation Variation S' < Variation S, ete. ; 
as a rule in naturel reservoirs, will increase with . descent of the 


series. The change in each term ‘m of the ‘above ratio is therefore ‘such 
as to diminish the value of Variation h* 
T?- ” * The te term “ variation,” as used in this paper, is not to be taken in its al 


i rs signification, but sim ply as denoting the maximum fluctuation in S and It corre- 
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1 the stream that the two may a pear to be simu 
«fs that in the stream that the two may ap tatedasageneral x i 
This is but one illustration of what may be stated as a | 
| that every stream is virtually a series of small reser 
As corollary to the foregoing proposition, it follows that, 
h other in a descending series, so that a 
eral reservoirs succeed each othe 
= = 
4 
ag 


There are possible exceptions rule. 


it nhould 


— a a particular reservoir were of very small area, with a an engorged i = 
outlet, in which the value of were actually smaller than that in the 
5 for the next p preceding reserv voir. Examples of this are common 
the flow of nearly all streams. When the channel of a river is en- | 


om “4 gored from any cause, the 1 value of cis less : at this p point than either 


ove or below. ‘if the river valley a above be considered as say very 


we st shall have a true example of the above ‘exception, 


‘al flood varies materially at different points of their course ) owing to this ie a — 


7 
cause. But while this exception is true of such cases as ashave 


been’ here cited, it would not be true of any y ordinary 

‘For more specific study of relations: 

A denote the area of the reservoir in n square 


tn h denote the height in feet of the surface of any reservoir snes 
- the mean level for the cycle. For the first reservoir considered, it 


be written / h,; for the next reservoir the resulting will 


be h,, and so on to > c= 


Let c denote the variation of Q in second- feet for of 1 


in h,, h) being assumed to be ht line.* 
(h) being assumed to be a right line 
Tat P denote the coefficient of of S, or the ratio “a 


Let p denote the cocfiicient of reduction of h, or the ratio of h ee 

one reservoir divided | by h for n next above, or 


R denote the interval which elapses between the maximum or 


representing a complete ¢ eyele, taken in this case as 01 one year. ¢ 
Let the variations of supply be represented by the equation \S= 
a sin 4, in which ais the extreme vari variation in second- feet above or. Bs 
thom mean, » and tis of are, arc, of | which make a completo 


_ * In streams of considerable magnitude and small variation in discharge, the as- a 
eet that f (A) is a right line for slight changes in h, involves so small an error as s 
to impair in the least the the e mathematical processes in which 
enters. 
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af Then the following equations may be written 


- 


+ 
0. vel 


will ‘also seen R decreases as A increases, orascofthe 
outlet ot decreases; imevensen as A decreases, or as cof the outlet 
rease as Aandc of the outlet decrease, and asc 3 = 


Inasmuch as the conditions which control the of level 


1 


- in natural peseevoiss are seldom, if ever, such as to bring the ae of 


it transmitted waves from upper reservoirs, and those due to local 


supply, simultaneously together, interference, which to some 
. extent neutralizes the combined effect, is the result. e In other words, 
the maximum oscillation of level in any reservoir r of a series is never 


these are never exactly superimposed; and they may even so occur » 


the sum of the maxima of local and transmitted oscillations, for h 


that the hollow of the transmitted wav ve comes up upon the crest of the 
local wave, and may actually cause a smaller oscillation then if there Pe. 


Asa it may be said that, in a series of natural 


as has been described, cach with its independent } local 
“supply, the oscillation of levels will mainly “controlled | by ‘the 


transmitted supply when the area is relatively small, and 


ay 


‘the local supply when its area is s relatively large. 


— 


these equations it is seen that, for a given cycle, 1s a func- 
ag 
the inlet increases. In each of the above cases the converse state- i 
ii 
i 
Sa the following example be considered. Let there be five reservoirs, we 
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A and assume area of each to ‘be 10 10 000 miles, the of 


yariation in 8 to be 100 0 000 second-f feet, ond to be the same diene each of 


the reservoirs; and the v values « of c, beginning with the first reservoir, 
be 10 000, 15 000, 20 000, 000 and 30 000 000 second- feet. The vi values 


a R, P and p, as computed fr from equations ons (3), > (4) and | 


Reservoir. 


accompanying oscillation curves (Fig. 1) for each 
a reservoir the element of total oscillations which comes from all 
supply, and that from each of the reservoirs above, and enables one 
judge at once by the eye what ‘proportion ‘of the total oscillatio: 
oa any case is due to local supply, and what to transmitted supply. 
a the example above given, in which the poservaine are relatively large, 


_ the oscillation i is “mainly due to local al supply. _ For instance, in the ae 


third reservoir the max oscillation, due ‘to su ly, is 954 


great as the actual oscillation, and occurs 12 ‘days earlier. The 
_ maximum transmitted | oscillation is s 25} % as great as the actual, and — : 


‘To show what would be effect upon “comparatively small 
a reservoir, suppose that in the above series, in in place of the third unit "a 
there is introduced a reservoir of the following size and character- 


Area, 400 sq square re miles; 1 range of variation in 4.000 second- 
will then found that the 


maximum of to loc supply, is 3 


ctual, ‘and occurs 67 while the maximum of 


normal oscillation of level in a natural revere 


voir ‘will increase the variation of flow in a the on outlet ; and any reduction of 


the “normal mat entation of flow in in the outlet iner ease the oscillation of level level 


| 


— 
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20 days later. In this reservoir, therefore, the oscillation of le 
im 
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as From equation (1) it will be seen that, if ae oscillation of level of 


a reservoir is | to be ‘be diminished, (S— Q) « ai t must be diminished, ot 


consequently. the vi values of (S — - Q) must be. diminished ; , but since 
a variation of S from its mean is greater than that of Q, and s since ae’ 
a they variation of Sis here assumed to remain . unchanged, Q must be 


brought nearer to S, and its own variation must be increased. 
‘The truth of the above -propositi ion is readily a apparen ent without 


mathematical demonstration. Ifa reservoir be prevented from rising ee ire 

“4 by any amount, the water represented by the storage under normal 7 


-onditions must be run out, , and t the flow in the outlet must be ‘corre- 4 


spondingly increased. Ww a falling reservoir exactly tho opposite 
a process applies, , and the flow of the outlet must be diminiobad by ow. 


The importance of this proposition a arises from oon relation to the = zs 

pookiem: of controlling the oscillation of levels i in 1 the Great Lakes. = 

The principle laid down in Proposition II is at first ‘sight incon- 


sistent with equation In equation it was seen 3 


will increase ‘the variation of or ‘The e anation of this 
apparent paradox i is, that any change in the normal variation of » ap se 


can only” be brought a about by some modification of the form or ro 


| 


a change from one condition of the to another. *, 


7 — 
converse of Proposition is not necessarily true; is, 
an increase of ‘oscillation i in reservoir r lev el, or variation i in out- 


‘See co remarks artificial reservoirs rs under Proposition L 

oe oo a a series of reservoir 8, such as has been described, if a perma-— 


‘negative supply be introduced at any point, that that ts, Ya a portion the 

supply be j permanently y withdrawn fr from any reservoir, it will cause a lower 


This i is is apparent from equation (2) in which Q and ‘increase or 


“ia diminish together. be permanently diminished, h must 

‘= also be. diminished, and the m mean level of the reservoir | will be lowered. 


— = 
= 
| 
= 
— 
ih ss Jevel be eliminated altogether, Q will become equal to S—the condi- => 
— 
cal 


The lowering of the mean level in any iain under the above 


assumption, will be such as to make 4 = which q is the nega- 


te tive supply and h’ is the he resulting fall i ‘in tl the ‘mean level. ah 
A permanent “negative supply, however, unless of f great relative ta 


maps rol have e but little influence « on the r: range of ‘oscillation — 


: 


If f (h) were a a right line, there oon be no change i in the « oscillation, 


but if the function were of a form in which appears at a higher 


lowering of monn evel.* 


os ‘fall in mean level, resulting from the introduction of a negative — 
supply cannot be prevented by artificially increased storage in any 


part of the system. . Fors assuming that Q dt for the cycle is not 
changed, ft must istequal — dt, in which are the 


at which ch storage is accumulated during part of the « cycle, and 


he The total ‘supply to” ‘the “reservoir 


can be secured only by a aieciianiiiian decrease during a@ previous 


“4 the period. e This might alter somewhat the oscillation o! of level, but would 

: fe be powerless to to prevent a — of mean lev el due to a permanent. 


Such a result can be only by changing the form or coeffi-_ 


a cients of (h) in all outlets below the point where the negative supply 
y 


i is introduced—in other: words, by cor contracting the outlets so as to di- 


i minish the normal discharge at mean level by an amount equal to the © 


_ *This may bea ey place to notice a fact which is of some interest as a theoreti-— 
he mean level of a reservoir will rise as its fluctuations of level are dim ished, and 


ch*, is true within narrow limits. Iti is obvious, therefore, that (h) d . hy 


values of h above the mean level, must bes greater than for the same values below, and _ 
since the mean discharge during the cycle cannot be increased, the plane of mean level _ 
_ must be somewhat below that corresponding to a constant discharge. In general, how- © 
ever, the difference of mean level would be inappreciable. 
,_ t Referring to the last preceding note, it will be seen that if the storage in the reser 
a voir be so manipulated as to reduce the oscillation of levels in the reservoirs below, the _ 
mean level would be slightly raised ; and if so manipulated as to increase the oscilla- 
tions, the mean level would - alightly low ered. But such effects would ordinarily be 
infinitesimal in value. 


in the reservoir, provided th the range of variation of S ‘were not changed. 


ak 


¥ 


2 
| 
| & Outlet is constant. when there is no fluctuation 
is, if the variation in of f (h) in equation (2) Ste 
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Assuming the y to to remain nO me modification of the 


in the outlet, is s possible except by some of the. form o or 


“This proposition ¢ embodies the entire question of the ne character of 
_ works in the outlets of reservoirs designed to control or modify the e- 7 


normal oscillations of h and LQ. Without entering at all into details of 


- construction, it may be broadly stated that works of this class must “a 


iene of two forms, depending upon the immediate object to be attained. ained. 


it that object be a reduction of oscillation of levels in the reservoi ar 


in ‘then | the controlling works must be ad such a character as to increase ine 


value of [equations (3), ( If, on the other hand, the object 


be to restrict ¢ the variations in the outlet, then the controlling 


works: must be: of such a a character a as sto > diminish thev value ofc The first 


outlet, per the s second by: narrowing the outlet andi increasing the depth. 


‘Tnasmuch as works of improvement, such as the he deepening « of nat- 

channels, and works of such as wing 
ilies. ete.,. generally i increase the depth a and diminish the 1 width, such 


works tend to uniformity in outlet discharge at the expense of 


: ‘uniformity of level in the reservoir. 


This eystenn embraces five distinct reservoirs, the names and areas J 
of which, together with the areas of the tributary water- sheds, are as 


Lake Superior. . miles. 48 600 square miles. 


St. Clairt 


: r in In this discussion Lakes Michigan and Huron will be considered as a single body of 
water. 
cou + The areas in o table are taken from the re 
‘Or 


point where it could have any pe upon the of Lake St 


rae 


— 
| 1 h_as hw the nse of a lone-crasted wair around the 
1g 
| 
gest). been diminished by 1 220 square miles, and this area added to that of the Lake * fe! = 2 eg 
ap of the Co ission report includes a considerable 
lat hed. The wa hed m: t mm n re it River below 
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The channels are of considerable and irregularity, 
u but the ‘retardation « of effects, due to the time required for for the water i 2 


to flow through them, is probably i in no case greater th than tw enty-four 


ca hours. It may ‘be » much less, if those portions are omitted which are 


practically inlets of the lakes, taking their dinestiy rom that of 


N MONTHLY DISCHARGES. 


IN CUBIC FEET PER SECOND, 
OF THE FOLLOWING RIVERS: 


at Paducah, near i its ‘mouth 
Missouri at St Charles, 


just a above th the mouth o of the Missouri 


‘Fro. 


the e lakes, and only those stretches are considered where the > stage is 

solely 0 on the 


a6 

—_— = 

— 

+4 
— 
— tlets, they may be stated within 
tho various ot, they may be within 
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The values of here assumed, are as follows: 
For Sault Ste. Marie River...........17 000 second-feet. eT oa 


St. Clair and Detroit Rivers. 


St. Lawrence 000 


To appr fully the moderating effect of these reservoirs ‘upon 
Sowing through them, as explained under Proposition I 


> 
(pe age it wit of interest to make a comparison with other well- 
known st milar magnitude. . Take, for this purpose, the 
Ohio River er at its eth the Missouri at its mouth, and the Mississippi 
at the mouth of the Missouri, and let them be compared with the 


at Buffalo. 1 The areas of water- sheds of these four s 


and their mean discharge in second-feet, are as follows:* a ‘ee 


fo 


+ Discharge in feet... 
The accomp ying diagram, Fig. 3 
Be: tions in mean monthly discharge of ioe seit for the: year 1883, 


» ‘The maxima and minima ima show, _ of course, a considerably 1s larger 

ergence the monthly means, the ratios 

for the above y year being, for the Ohio, 28.22; for the Missouri, 29.00 ‘= 

— and for the Mississippi, 10. 10.29. For Niagara the ratio, , disregarding 


wind effects, probably does not exceed, in any one year, 1.50. 


% In terms of absolute | quantities, the storage by which this result i is ; 


rd of level in Lake Superior, based upon 25 years’ observations, i is 0. andl 


 & , in nae Michigan-Huron, 1 ft., and in Lake Erie, + 16 ft. 


of water—greater the over- excess of th 
Cairo in the great flood of 1897, and equivalent to: about 153 000 second-_ 2 


may be readily ‘determined. ‘The mean annual oscillation 


a feet for a period of six months. The maximum annual oscillation i a = 
twice the above mean, and, of course, represents twice the 


_ * The above data for discharge are based upon 25 years’ record (1871-1895) for - 


Niagara, and 6 years’ record emesis for the other streams. 
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SCALE OF IN DEGREES— 360° EQUALS ONE 


360 0 180 
may ‘SEPT. Nov. MAR. MAR, MAY SEPT. NOV. 


~ 


>a 
o 


HURON I! 


MICH.-HU 


| 


X ACTUAL LEVELS A ACTUAL LEVELG LESS EFFECTS FROM ABOVE CALCULATED LEVELS ae 


LOCAL AND TRANSMITTED OSCILLATIONS TOTAL OSCILLATIONS ty 


— 

— TAL BATT TSA 


Not less: in magnitude 


or scillat 
Daring the period from 1872 to 1876, 
for example, the mean annual levels o of the lakes above Niagara rose 
_ continuously, t the aggregate s storage e being about 4 000 billion . 
During the next three years the levels ‘fell continuously, the 
ager ‘gregate loss of storage an amounting to about 3 600 billion ¢ cubic feet. iy 


ey The enormous moderating influence of these vast storage reservoirs 


thus practically eliminates, not only the regularly recurring changes 


in supply, but all sudden, erratic, | or transient irregularities, and pro- 


duces flow in which, as already stated, is 


-_ In appl ing th the formulas (3), (4) and . (5), to the to the Great ae no 


attempt has been 1 made to go farther than to adapt t them t to the m mean 


curves based u upon mn 25 years’ observations. To these, the ordinary sine : 


_ curve, used in the analysis, has been fitted a as lc closely as possible. ‘The 


“correspondence of the curves is not exact, t, but is enough not 


~ t the general conclusions drawn from the ——- 


The table gives the value of the retardation R, and the 


plete exhibit of the cal transmitted elements of aggre 


minimum of supply have passed. However, from n the curves and om 
column 2) the approximate 1 mean dates of maximum or a oy 


"supply for each of | the la lakes can be determined. _ Todo this, take from 


the curve of oscillation due to local supply i in any lake the dates of its \! 
maximum and. minimum, , and from these subtract the corresponding 


retardations in column | (2). The results deduced by this process are 


 -*The effect of the variable supply to Superior consumes 291 days in reaching crake 


and its maximum is then only 1% of the t total 1 maximum oscillation in the latter lake. © 


— 
ia 
| 
— 
 &§ 


given in the table fall well within the ‘probable Ii limits of 


f 
Date of Date of Date of! Date of | | 
actual | local | actual | local Retarda- Date of 


h max.|A max max. ‘Amin. | h min. h min. 


Wt, = 
uperior . | Sept. 
ichi, an-Huron. 


April 
June 
May 


‘The quantity 8, it ‘must be borne in mind, is a very complex one. 


It is the result of at least three important and ever active  causes—pr 


cipitation and evaporation from, the of the reservoir, 


and ‘ran-off from | the tributary water- shed. The first and third ele- 
ments a are always positive and the second always 8 negative; but 


maxima and m: minima are rarely coincident, and probably none of them 
oincide ve very ry closely with: the a actual aggregate. 


usually i in and February. Run-off has its maximum 

“ in those months when the melting of the winter snows occurs. | This is" 

7 ordinarily : in March for the lower lake region, and in April for the 


Lake or n. The minimum m of run-off one a pretty 


<> 


ie not only by actual precipitation, but by: the influence ‘of cold weather 2 


d August, and ti th 


minimum in the } period from December to February; but there are cer- 
tain phenomena, to be referred to later on, which indicate a oe : 


winter rs rate of evaporation than i is generally supposed. 
4 


acline toward any of the component at 


ime to > predominate. N 
working backward from the known dates ¥ maximum and 


of the ‘be, for 


— | Apen | Oc 
Mar. | Mar. | ril | Oct. 
Dec. Oct. | Apri Sept. 
— 
— 
— 
= 
at 
— 
a 
t 
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Clair, 200 000 second-feet; for Erie, 225 000 second-feet; for Ontario, © 


: 260 000 second- -feet; the corresponding local supply for each of the 
lakes in thousands of second- feet per month, based upon the twenty- 


five year ¢ curves, is found to be as follows: 


or. |Michigan-Huron. 
Michigan-Huron. 


“supply on : all of the 
lakes. The cause will naturally be attributed to the 


ev at such times over rainfall. and run-off; but the .e perplex- 


non is in one lake in particular—Supe- 


thet on all the lakes there a are lar, ge deficiencies at times, even in winter 


ice and the lakes 1 may be is supposed. 
shoving cal of Local u and Transmitted Supplies. .—Plate XXXVI, 


; 
showing oscillation « curv es, a the observa- 
tion m made in discussin yegeneral 
case, ®, the of levels will be controlled! the transmitted supply Wes 
when the r reservoir is relatively small, and by the local | bang when it 3 


is ‘Telatively large. - Thus, the maximum of oscillation n Michigan- ‘ 

Huron, if if to local supply alone, would t 496 than it itactu- 


4 


a 


— 


lier . The x maximum of 


scillation, if due to the transmitted d supply from Superior alone, would 


be be 7% as on is, and would 141 days I later. 


jz 


E 
and w uld 


im 
* Se a The results here given are to be taken only as general approxima-— st a Fe 
but they serve to chow the fact intended to he out 
2 
— 
2 
— 
ia 
— a 
— 
— 
— 
4 Bs 4 occur about 57 days earlier; while the trans-_ 


and would occur 20 days earlier; while the 


maximum w ‘would be about 396 os as the actual, and would oceur 


Ontario, the maximum be about 88% as great 


the actual, and would occu r about 28 days earlier; while the trans 


mitted maximum w ould be about 47% as great as the actual, and 


Ww vould occur about 64 days later. 
7 Fr ‘rom t these es, and fr om the an iden may be 


expected on account of f its relatively small area, 


Iti is also plain that any attempt to control the ‘fuctuations me on 


Anke by by modifyi ing the inflow from another will vo — insig- 


of levels between Michigan-Huron and evidence of whi 


x it is urged by geome, is the fact that of level sca ely 


ra: ever va varies as much as as 1 ft., * has no foundation i in fact. od St. Clair com- 
ae, pletely interrupts th the continuity of flow on account: of the flu tastion: 


> wir  * Lake ce Michigan- Huron and Lake Erie rise and fall ether, not because of — d 
‘a a mutual dependence of levels, but because similar climatic forces are operating simu 


_ taneously in both basins. The fact that their levels do not move in closer unison—that a 


; sometines Erie is falling when Michigan-Huron is rising, and vice versa—still further 
tives the probability of any ie intimate relation between the oscillations of level 
ese two bodies of water. Bile 


_ + The influence of St. Clair 1 upon the discharge of the Detroit River PER EAS be a 


greater than has been here assumed. Unfortunately there are no actual data as to the 
* oscillation of levels in this lake, and it has been necessary to deduce a curve from 

known data, such as the area of the lake, the inflow from Michigan-Huron, and an as- 

sumed S, based u — the similarity of climatic conditions on the watersheds of Michigan 

Huron, Erie and Clair. In this, howev ~ an error may have been made in assuming 

an eccentricity for the St. Clair curve of su 

lakes. The water-shed of St. Clair, enmananet 

than a of the other lakes, as may be seen from the following ratios of lake * —_ a 

uperior. 
St Chair, Huron 


8.4 
Remembering that S is the algebraic sum od gee apne on the lake surface, eva- 
poration from it, and run-off from the water-shed, a little consideration of the character _ 
Pe these elements will show that as run-off predominates over rainfall and evaporation, oy 
the | of S will increase. It is quite possible, therefore, that the range of local 
ts for St. Clair has not been assumed large enough, and that the oscillations of lev el 
in that reservoir are ees toa greater — than has oom admitted, * local supply. ¢ 


: 
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= mitted maximum would be 83% as great as the actual, and 
— 
— 
— 
oscillations of the lakes. Except in St. Clair, it 1s seen tha 
‘a supply is the controlling factor, and that in one lake—Michigan- 
— to have 
— 
— 
— en- 
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— 
a 
— | 
— 
— 
— = 
— 
— 
— 
4G 
— 


_ 


iid 


FROM PROPOSITIO 


“Table. No. 2, appended to paper, , shows in detail, h 
‘month for twenty-five years, and for each of the five lakes, the amount 
@ storage accumulated or lost, both in terms of h and in thousands —- 
of second-feet per m month. - It also sh shows similar data for the me mean of 
twenty- five ‘Table No. 3 shows oscillation of an- 
= al level in feet in each of the lakes from to 
year Table } No. shows the rate in ‘second- feet at which 
storage corresponding to a rise or fall of 6 ins. on each of the lakes 
would have to be accumulated or in periods varying f from 
itself, but the effects in the se1 series, 8, suppos- 
i. ing the causes to be operating simultaneously throughout th the system. 


These tables supply ample data for conclusions as to the practic- 


Be ins. 7 Thus, let it be assumed that the outlet of any of the aredg 
Superior, for instance, is to be regulated that the oscillation 
gt the lake level shall not exceed 0.5 ft. . The amou amount of storage re rep- 
resented by depth of 0.5 Lake Superior is to weal 


eptember, ‘in 1871, for example, storage was in this lake 
at the followi ing sr ndtie in thousands of second- feet: March, 146; April, D. 


May, 178; June, 40; ; July, 24; August, 20; September, 
pis ing that this this storage is to be reduced toan an equivalent o of 168 38 000 seo: second- e 
- feet for one month, and that e's reduction is to be taken from ‘the 


: months o of most rapid ‘accumulation, it would give the following 
_ sults: It would red reduce the storage in March by 38, in April by 60, and 


in in May by 70, and for each of these > months 108 000 


“normal discharge. "This, it will based | upon the im 


possible supposition that climatic conditions can be foreseen 80 as to be 


apply the allowable storage ge of (0.5 ft. to those months | of most ‘rapid 


x acc umulation. In actual practice, of course, no such result could be a 
realized, and the increase of be than above in- 


dicated. 


— 
ima 
im 
im 
iz 
a 

ke ensuing period of falling levels, from 
October, 1871, to April, 18/2, it will be found that for the months of 
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on the nouns have bad to be by 


lake was falling, by the full “amounts the table. It 


no comment to ahow, not only the impracticability, but the utter 


possibility of any such accomplishment. 


However, the difficulty here encountered would ev vidently be 


in units of the considered by for 


Niagara vy: a reduction to 0. to 0.5 ft. of ‘the ia in Erie, « ie, apply 


above 3 process ss to that lake for the year 1871-72. It will be found — 
, y 


the e outflow would not have been increased by ‘more than 24 000 a i 


; restriction of the ose ation of Erie to a limit of 0.5 ft. would 


probably not often increase or decrease the flow in the outlet by =2 


hen ‘but it may be assumed ‘that any practicable 


than 30 second- Whether a change of this amou unt in the 

normal variation of flow: of Niagara, particularly in the low-water 
I 


period, could be admitted, is at least an open question, and one that 


would have to be settled regulation could actually take place. zee 
Tf regu regulation 1 toa limit of 6 ins. were simultaneously applied to ‘all 
the lakes, or even to Michigan-Huron and Erie, the cumulative effect 
on Niagara would render the project wholly i y impossible. 


ite will probably impress at any one who ca carefully e examines this sub-_ 


normal annual of 


It is, after all, not so much the annual oscillation gives rine to 


hee 


‘periodic oscillati tions be eliminated, and can the mea 
be always above a minimum plane? 


—. 


— 
— 
— 
— 
— 
— 
— 
— 
— 4 
— | 
| 
— 
7 
q that, if such interference were to take place, ations 
— 
— 
The real source of trouble is the continuous subsidence of 
— by which the carrying power of the great || 
— level 
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So f far as the rise is concerned, the s certainly feasible, for 
periods, would be objectionable, in its c cumnu 
wh The case is not t equally c clear in regard t to the subsidence of levels. — 


example of the fall of the mean annual levels o of Michigan- 


Huron and Erie is that of the year 1894-95. Michigan- -Huron dropped 


during that period at a rate of 42 000 0 second-f -feet, and d Erie a at t the rate a 
8 220 ‘second- feet; but Superior i in the meantime rose by an ay averag 


we “of 1 700 second-feet. To have prevented the subsidence of levels i in 


Michigan- Huron and Erie would have required a uniform reduction 


the normal discharge of Mic higan- Huron by: 40 300 second-feet, of 
Erie ?alone b by 8 220 feet, , while t the effect i in ‘Erie 


‘normal discharge of these rivers was. injuriously ‘small, these reine 
a tions would probably n not have been admissible during the the navigation 


season. If restricted t to one- third of a year, that is, to the winter 


e "season, they w would have been 120 900 second-feet for Michigan- -Huron, 7 
4 663 second- d-feet f for Erie alone, or 145 560 second-feet as the cumula- 


ve effect from Michigan- Huron and Erie. As the normal discharge of pic 
fichigan-Huron at this time was probably between 150 000 and 175 000 
second- feet, and of Erie not much more | than 200 000 second-feet, the 


limination of the cyelie Guctuation would, it is have in- 
rolved areduction of ‘discharge i in the outlets, , during 


Should full am that this amount of 


the discharge of the outlets during the non-navigation se ason | 


be permitted without injury to any interests, the possibility 


‘regulation, such as is here assumed, , would still be me: 
“forecast climatic conditions for anything Ti like the periods covered — 
these cycles. Those charged with the cor control of the outlets” 
es always be for the most part in the dark as to. what is going to to happen — 


_ upon a condition which « can never be realized. — It is impossible to 


" im regard to rainfall and run- -off. Iti is s therefore clearly impossible to 2 
 * fix in advance, even for the period of a ‘single e year, a ul uniform rate at 


Which the discharge of the outlets must be increased or diminished 


staan to. prevent a change in the mean annual level. The only way to ‘2 
this that itsel f would be to accumulate an 


each winter, and the ensuing 


— 
iz 
im 
hy 
— 


ro period of high water, equ 

perience shows may be expected to follow during t the low-water 


4 If t this 3 were done, the levels could always be ‘maintained above we zf 


minimum um plane. resu result, how wever, cc could be attained only. at the 
cost of i f increasing now and then the annual oscillation. 


- Of course, to make any any regulation o of the lake levels practicable te fi 


- mean levels must be r raised ‘somewhat, in . order to be able to s — 
- -” the increase of outflow which would at times be necessary ; but this 

elevation of mean level i isin itself one of the ends contemplated b 


_ the general scheme of lake level regulation. — ‘Taken by itself it is un- 


questionably a practicable matter, at least within small limits. ‘Such 


Neh a step would indeed involve grave difficulties i in 1 the , outlets themselves, 


to whieh hich reference will be made, and and will be 


‘already ‘been accomplished i in ‘Take Superior | by works placed i in the 
~ outlet of St. Mary’s s River for other p purposes. — These works consist of a 


ridge piers and works, and the contraction of the outlet 


thas been such as to g give an estimated rise e of 0.5 ft. in the level of the 


“The question of raising the levels of the lakes is,or 


may be made, entirely independent of that lake level regulation. 
_ simple contraction of the outlets will acco 
but ant the It would in increase e the os oscillation some- 


what, in n accordance with principle out in discussing Pro- 


4. 4 deepened, the value o of ¢ will be diminished, a and the ose oscillation of level ee 
will be increased while the v: variation in flow will be lessened. 


Ss OPOSITION 


‘The third of these general 
fhe third 


lake levels, of the diversion of any of the y of the 


vrs 


* Report by E. E. Haskell, U. Asst. Engineer, dated January 11th, 1896, (although 
it is true that the level of Lake Superior was rising for several years prior to 1896. 
while the levels of the lower lakes were falling, still the climatic conditions are dis- 


similar enough to lead one to hesitate &s attributing this particular rise to artificial 


— 


— 
— 
— 
— 
| 
raising the levels of the lakes is concerned, there can be not the 
— 
— 
— 
— 
ants 
— 
— 
— 


- 


mach effect. ct. The specific application of the proposition now in view, 
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Es Lakes to other watersheds, and to the methods of counteracting y 
SEs Es is to the Chicago Drainage Canal with i its | contemplated div version 0 of a 
10 000 second- feet, and to the scheme ad advocated by some engineers « of 
f diverting a much larger amount, say 80 wel second- feet, to help « out 


will permanently the of all the and ad including 


that from which they a are > taken, is certain. The a amount ; of this ae 


= lowering is a function | of c of the _ Various outlets, and its correct — 


depends upon the prior correct determination of this 


Among | the suggestions advanced f for "counteracting this lowering 


a4 effect i is that. of storing water in Lake e Superior t to make up the amount ee 
Bae diversion. — A reference to the discussion of Proposition III (page yo 


will show the fallacy of ‘this scheme. The storage of water in 


Lake Superior must commence by cutting off the outflow. When ven the 


stored water is run out, the total increase of flow over the enm con- — 


“ae 


ah 


ition will only be ‘equal to to the previous decrease. In other words, 


the total supply to the lakes” below, u upon mm which level 


cannot be altered a particle by storage. 
‘The only way the effects of diversions can be counteracted 


contract the o outlets, so that the flow through 
‘mean level be e diminished by an an amount equal to the 


Analogous to the effect which ‘must result om the permanent 


‘cgltihiineneel of any portion of te ) supply of the lake system to other 


water. -sheds is that due to an increase of the cross-sections of the 


from improvements in the interests of navigation. 


outlets resulting 


Such works must necessarily result in a lowering of 


mean level in the 2 reserv oir above. The remedy is, of course, to 

contract the e outlets sufficiently to | diminish the outflow a at the normal 


mean level by an amount equal to the i increase caused 1 by the enlarge EY 


) ment o of section. on. In superficial a area the contraction would have 


to be be ‘greater: than the previous | enlargement, for the whole change — 


‘2 «thus made in the cross-section is in the direction | of deepening and 


marrowing: the outlet; and a a deep and narrow channel will carry 


"more water than a wide and one of the same area | of cross-— 


"section. 


— 
— 

ia 
aL 


= 
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tar 


_ all works intended t the levels of the lakes, to. control 


teow 


to regulate the flow of 
«plac directly in, the head of, the he outlets 


already been pointed out, viz. : 


with the result of increasing oscillation of levels” and diminishing 


is osed 


The only example of a work tenn the first class is that prop 
by some for contr rolling the level of Lake Erie. obvices 
a reasons, the regulation « of the levels of this lake is of more import. 
ance then any y of the athens, need on only be mentioned 


>, and 


of level it has been proposed | to enclose the ‘head of of ‘Niagara b by a fixed 5 
weir, wi which the desired permanent increase in of 


cont: of, say, 6 ins. will, so modify ‘the outflow as to rise or 


fall of level of more than tha te amount. eee ee hg 


1a wh Two o objections appear to be conclusive against this arrangement: 


@ The very advantage which first commends it, that of automatic 
regulation of oscillations, would, in reality, prove a serious disad- 


vantage; and (b) the whole r result can be accomplished in ina simpler, 


=-_ effective, and and less expensive way | by works s placed directly in the 


flow; the best of the require e that 
‘it be not alw ays the same for the same It has been seen 


¥ 


% 


— 
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iE 
1) Works tending to increase the width and diminish the de th. 
— 
— 
— 
three, canals will in the future lead directly from its 1 
fe 4 in = 5 to Ontario or to the Hudson River. A fixed depth in these harbors iS 
— 
— | 
— 
— = 
The trouble with the automatic action of the 
— 
4 
— 
— a decrease the normal flow in Niagara at times by as much as eas’ 


_ secon feet; but ther range of the normz! variation itself above or below 


the mea mean doubtless frequently am amount: to 30 900 second- feet. ‘The he 


must therefore ‘thats a variation of 6i ins, in the 


_ second. feet. eet. Whe hen it is considered that at changes of 2 to 4 ft. in gauge — 7 
readings due to wind effects “are of frequent oceurrence on to be 


: considered common,”* @ and that changes of from 4 to 8 ft. sre not 


rare, the effect of of long Weir 1 upon the discharge of Niagara, i 
times of heavy wi winds, would, it is readily seen, be disastrous. 
rising lake the matter would be of less consequence; ; for if the 


i - devel of the lake were regulated but a foot or two above its present 
E i mean stage, the increased ov erflow would choke up the outlet and 


but with a falling lake, no such ¢ 


> | 


drown out the weir; 


a a ing effect would be experienced, ond Niagara River would fre req J 


ated, the whol It expec ‘ted from oe 


be obtained in a simpler, more effective 


details of 0 


At a suitable section of the outlet, preferably "where 


‘tar 

the x mean level of the “These pi piers would, thus; by themselves, 
= 

a ; ermanent elevation of level. For the purpose of controlling the 
. oscillations, some arrangement by which the area of the new cross- 


section | can be enlarged or x diminished is necessary. To ac accomplish 
a ; this, let a sill be anchored to tl the bottom of the river from pier to pier, 


and let a bridge be laid from } pier to pier, but slightly ‘elevated above 


water "surface. Upon this bridge, at convenient let 


accomplish that part of the purpose of regulation which relates to 


im 
— 
2 
— 
q 
| 
| > rational re the co ‘fic 
Makes episclaiming any : lowing general plan mot 
— agencies Di uction, the follow the most pr 
control. et a series Of piers, 
erected r surface will be equs 4 
| — 
— 


2 


‘which may ee lowered into the river and supported by ‘the ees at 
4 the upper end, ,and 1 by the sill at th the lower end. Or, better still, t 


needles could be fixed per manently in position, but balanced on 
a longitudinal axis, so that the broad flat surface or ‘the narrow ‘edge, + a 


as desired, , could be presented to the current. t. These needles, s, when 


in wood nat: be but there may ‘be inter vals 


‘sufficient, proper manipulation, to give the desired | control over 


the flow i in the outlet. navigable pass of sufticient width should be 


left entirely free from peng uction. + an arrangement of this sort, 


‘portant additional of adaptation of control to actual ‘con- 


= 


‘ditions as they arise. e. Sucha a str ucture ought to » be much cheaper then 


a long weir. i Its care and management would cost something, but th the | 


expense from this cause ought not to be great. vn i 


One important drawback will always be encountered with | any form 
of contraction that can be devised. The raising of the level of the 
“Takes will increase the slope at the site of the of contraction, 


with the passage of boats. At the Sault Ste. Marie this is a matter of 


7 ‘and ms may develop currents of such rapidity as to interfere se seriously 
Jess importance, for locks there are a necessity any way, and the only a Fey 


effect would | be to increase the lift. Even this might n not result 
_ Michigan- -Huron and Superior were each raised by a like amount. | Bat aE 


3 in passing from Huron, St. Clair or Erie into the rivers below, the case 
ag is different, and contracting works might, and probably would, develop a . 


currents and sharp slo opes in their immediate vicinity. 


is , doubtful if the e simultaneous at and equal 1 raising of Erie and Michi- — 


-Huron would obviate” the difficulty, for the increased channel 


depth would diminish the slopes, and would to concentrate the 
fall at the contracting works. It x might be n necessary to have a series 
of: works, one below another, with the area of contraction gradually oS a: 

‘diminishing so as to let the slope dow! gently by distributing it over 


a considerable distance.  Inan any event, the use of locks would be to i <2 
serious an inconvenience to merit consideration.+ 


zz * The outlets of both Michigan-Huron and Erie have engorged sections where they 
leave the lakes; and even in their natural conditions show marked slopes an and high hind 
_ 4+It is searcely necessary to invite anita to the international feature of this 
problem. No radical step in the direction of lake-level regulation can be taken, except — «s 
with the co-operation, or at least consent, of Canada. It is, in fact, by no means im- 
“a probable that this feature of the question may prove the most SN of all. 


— 
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Puysican Data. 


will have been observed thet, in discussion, oe primary ¢ date 


at fact 8 
but only the the quantities A, and c. 


therefore a of the area of the lakes, 


a » matter of ‘record nearly fo forty ‘years, and in this 
based of: bs of 
cussion is base upon a perio of-o servation o twenty- -five years. . 


The data are no’ not, indeed, all that could be wished. The records have 


not been up from | self-registering gauges, as s would shave 


s the better er plan, b but from observations taken at a ‘particular hour | 


ach day. . Considering the the sudden effects of winds and barometric by 


hanges on levels of the Takes, it i is clear that th indi yidual 
records cannot ‘of much “value; but since erroneous values are 


Fo 


liable to occur as much on one side of the truth as on the other, t the eS ; 


monthly means of daily readings are » probably not far from correct, 


chile ‘the 1 mean of so long a period : as : twenty- five years must be very 


iy: Of the e discharge of the outlets pomgenstiy ely little is yet known, 


In this. matter, however, it is not so much of the 


a 


_ mean Gieshenge thei is needed, as the variations from the mean 


is of i importance than In thes assumption it 
a has been necessary to proc 1 somewhat in the dark, but nevertheles a 
with h confidence, because a considerable variation in c will not mate 
-rially affect the results with : reserv oirs of such magnitude: as the Great z 
Lakes. _ In like manner the ‘assumption that | S (h) is a right line is so 


near the truth | that its cuts no igure whater er 


‘ae ‘Iti is, of great importance to a final solution of the 
problems of the lakes that these data be made as us complete as possible. 
The future records of the lake levels should be kept with self- -register- 


ing g: gauges, and there re should be one of these for Lake St. Clair : as well” - 


_ precipitation, evaporation, and _run-off—have been dealt with scarcely 
i ar in equations (3), (4) and (5), | : — 
a 
4 
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as s for the other lakes. The ‘diso should embenes 


,annels connecting Huron with Erie. Iti is a matter of congrat- 


4, 


ulation t to know that these important st: steps a are now in contemplation 


_ by the existing Deep Waterw ays Commission. 


Concerning S, the collection of data 4 to be altogether of 


“secondary importance, an and this: for' the excellent reason, that, having _ 


hc and S can be determined from them nets accurately t than 
4 
in any other way. . If the ‘difficulties: in the way way of a satisfactory 4 
a determination of any one of the elements of S—precipitation, ev apo- et 


ration, or run-off—are it will be conceded that an 


; 


approach to the problem from that direction is wholly injudicious. 


“we 


Take | Lake Superior, for example. The precipitation at any one 


the 4 points, Duluth, Marquette, “Sault Ste. . Marie, | WwW hite River or a 
a ‘Port Arthur, around the shore of the lake, varies materially from 4 ; 


that at any other point. Admitting correct records can be kept 


at these points, how ow is the true ‘proportion of lake a area to be 


em 4 - assigned to each in order to determine the average precipitation o over 


The question of evaporation is still more unsatisfac tory. ‘There: is 3 


£ ay y effects of winds o1 on on such ; great bodies « of water to be determined? “Ibis is ys 


known that waves i increase the e exposed ai area about 23%, while the 


spray from breakers adds still more; “but at the same time the 


‘a commotion of the water brings up p the cooler ‘depths to ‘commie a 


mo pensticable method determining it aconrately. How are the 


lowers the temperature upon which the evaporation largely 


ola Again, « observatio ms taken near shore m might not hold for the interior 
Si 4 a the lake, where the atmosphere may reasonably be assumed to oat 


‘more laden with moisture and to be of a lower temperature. e- 


__ element of evaporation from ice and snow would be a v very uncertain 

one, owing to the absence of any definite knowledge of the extent of 

ice-covered areas. With these inherent uncertainties i in the problem — 


determining the rate | of ev aporation on the lakes, great 


ean hardly attach to any attainable 


— 
— 
— 
— 
— 
— ii 
— 
| 
— 
— 
— 
— 
— 4 
— 
a * In midsummer the surface temperature on Lake Superior was found by Geo. 
ee ¥ oy 4 Wisner, M. Am. Soc. C. E., to fall 5 or 6° after heavy ii 
— 


The run- off from the land sic the basin could be determined 


- with tolerable accuracy for any one year, by a continuous gauging of 


fe a sufficient number of streams, but the results w wih be of little rm . 

for another year in which conditions 1 ‘might be very different. 


i ihe is therefore not apparent w hy this particular line of data should 


receive special attention. The complex expression Ww sh gives their 


vombined effect is already integrated in the ris rise and fall of th the lake ee 


tev els an and in n the flow ; of the ontiots, aud if these are known, Se can wat 


deter mined from. better than it can ever be measured. 
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_ Monthly mean of water levels below the plane of reference e of ‘United 2 


States Lake Survey (high water of 1838). 
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M ATHEMATICAL OF THE _ INFLUENCE OF 
The fuctuation i in the levels of a system of lakes only differs i in its 
magnitude from | the Gilling and emptying of a lock ora under 


--yarying conditions « of inflow and | outflow, of course, the 


> will answer ‘to difference in in 
more 


ward forward like a It is thus only i in the mean ofa a 
‘Gers “large number of pointe that the true level may be determined, or, as ae 


in in actual | practice, in ‘the e average ofa a time long g enough to ‘eliminate 
_.- shorter variations ; but, this true level determined, all its veri 

t 


ions are results alone | of tha inflow and the outflow. 


flow, discharge, and ‘designated by Q, each taken in eubie feet per 
second, . and with A representing the area of the lake i in square feet, 4 


Ls level on a scale of feet and 7’time in seconds. The fundam > 


P 
4 bai The inflow will be called supply, and designated by s, and the out- 


Adh. 


and fall, like the high and low- -water periods a riv 


then its actual levels are subject t to changes in in comparativ 
significant intervals of time; but averaged Up, | as thene are in the ce 
monthly levels, | the effect of direct supply approaches the 
annual cycle, and fora number of years must closely correspond to 
the variation of normal rainfall, and, finally, from these » positive ele- es 
‘ments of supply there must be taken the negative element of ‘evapo- 


ation, which has perhaps of all of them the most ‘regular 


a 

: 
winds will certainly greatly change the levels at different points, the 
Pas: Aig tidal effects may be found, and even after the primary disturbance ol sa" <a a 
a ff 

_ 
ee 

a 
Dasin. Hut, unlike the river, the direct rainfall on its large area gives 

— 
‘ | 
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year can never ex 


mod as a recurren oscillation, and 


where es a mean of t supply, 


the extreme oscillation of su course, » corresponds to the’ 


4 Qa and is a of observation. Were the outlet a weir ir of 


length: L , with H measuring the height ‘above its crest, the ae 
_ would be Q = 3.31 H*, while the form that has more generally been © 
opplicd to the flow of rivers is = CH"; where H again gives the 
+4 level above an approximate zero of “discharge, and C is a constant 


_ to be be determined from the ‘discharge observations. ei 
more general expressions, however, makes the of Equation 


difficult, and in the ‘small oscillation of. a lake surfac 


it is sufficient to take Q@ as made up of a constant element Q,, the 
valine. of dischange at an level, and variable ‘danas ch, 


where h gives: the surface at any time above or below this arbitrary 
1 vel, and cis the avenge change in discharge there per foot of rise 


vane with, some 10 or 15 ft. above a 


or variation with the value of hat: at that | ‘time. 
a Substituting these values for Sand Q in n Equation Ig giv ves eis Fen ae 


4 
at ‘its outlet ot may exceed | ‘the whole 1 wange of its true true level, such such 


— 
— and tis a time are on a circle, renee 
— 
in i i h f the 
acter, the discharge fromthe 
lake is, of course, determined at any time solely by the value of 
— — 
— 
— 
f 
| 
— 
— 
— 
— 
— 
— . 
— 
a 
— 
— 
— = Which may aways be made zero at aby tune Dy taking @ suitable level, 
be measured for that time, Equation I becomes 
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Ib this vi is time ‘seconds, while t is an are on circle” 


ar. The relation between them is, 
given byt the followi wing proportion: ortion: 
T :t=86 400 x 865 (seconds i in one year) 


400 x 365 
«At the same time, i it is also convenient to change the unit of A 
“from square feet | to square miles, so that the equation becomes 


(asin t — ch) 280)? Adh 


ch) 0.180086 = 


“a 
d 


ay 


his is a well-known form, and is solved by multiplying through 


here the left- hand side of the equation is the differential 


gin e = a sin 


= 


a 
— 
— 
* 
— 
* 
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pdt 
0.18 ¢ 


0.18 > 


— sin 


sin ¢ — ; cos t 


0.18 


0. me, — cos t 0. 
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Sie 


al the surface mov yrement i is restricted to an annual dials, the term 
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— 5 
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a 
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fore, be zero. - In this case it will be , called h, where uniformly — 


mean discharge the zero from. which Bi is ‘measured at a 
om mean level. sy however, it is well known that the mean supply . 


less well- defined | eyele covering of years, ‘this term 
my be again written (Su Ou) + (a' sin nt 


1 
eyele ‘may be assumed as “recurrent, with the mean ‘supply, for 
then number of years equal to to Qu, t the 1 mean discharge, and the total fe . 


variation of surface in that made of the sum of and 


measured from the mean level corresponding to Qu: 


In this longer | cycle, however, the: are t' no longer corresponds to 
one year, but to a number of years n. és 


white _ 86 x 365 86.400 x 865 


> not constant from year to year, and that it also 0 passes | through amore 


in which the the « constant of integration now disap: 
a ars, by ae may in general be done, a recurrent variation 


may hus J 
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SEDDON 
be “saade to express all the variations of the sition for any such 


4 system of regular variations in the monthly and the annual sup- 
plies. Tt is is, however, true that the s supply in at any actual al case may 
far from regular, and while (Qn +e always expresses the actual 


insignificant) s still +a sint - a’ sin ete., may not so express { the 


actual supply, unless such altogether exbitesry values may ‘be assigned 


to Sy from time to time as will ‘make the expression “practically fit 
any | form of irregular variation. It is, therefore, desirable finally 
to solve Equation Ti in its most general f form 1 with (Su - Q ) 
arbitrary” constant, having, of ‘course, alternating - 4+and — 
at at any period ot may be by A 6. In 


AS 


cna here to determine the ee form of the constant ¢ of integra- 


_ tion C, it is necessary to consider | how a lake would 1 rise or fall with a 
such a change in its supply as that of the arbitrary constal nt A& eee 


Substituting th in Equation II there r results 


in such an period of t corresponding to the 
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From which it is seen that a general form for the constant of integra- 


4 


The complete may be now written as follows: 


— 


n x 0.18 i iw 


‘nm x 0.18 cy? 1 0,18e 


= In which tion a iiieitines angle on a scale in which 360° equal one 
year, and t, is the length of a natural are on the same scale, but acl 
“only through t the arbitrary periods in which values may be ai assigned — 7 
to AS; while again continuous angle on a scale in which 360° 
=n oi In form, | in any the | function 


be computed once f for or all through 


= the corresponding variation in the supply, expressed by « a is 
the same way fo for the he 
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4 iation of supply from year to year expressed by | 


into a like proportion with | the variation the | mean levels. 


hile finally for given periods of t, corresponding proportions n be 
f 1 
made up that t express imm immediately the A 8 for a any irregul, arity. ih 


The relation of the - variation of level in any lake to its varia- 
may be here left ‘for. the “more | general problem which 


includes not only this, but ‘its resultant effect on a lake below, and 
a) on through a chain of lakes; and not to needlessly extend the 


: 4 problem, it is desirable in this case to use the simplest possible form 4 


for It is plain that i in so far as Ay ane and h' are concerned, it is only 


necessary to use the term for what will be generally. true 
7 _ short cycle will be equally | true of the long, and all equations de- 


duced from the can be immediately converted into equations 


the second by in the pla ace ce of (0. the value 
0. .18) throughout, mberi ng, of cour that degrees in in 


angles are to be taken as covering n as many days as 
do in the angles ‘but the wholly ‘different character of the 


exc it or to 


This last has in fact been but it is all a a matter 


the particular case, that it will not be included in this study. ° ‘ib e: 
deed, from the extreme A is assumed a permanent change i in 
the mean supply, it is evident at o once that in time a any ot 
Takes would all come to about the same difference in level, repre- 


sented by it may be noted that n 


this until t, became infinite. “And w 
difference nces in the effects of this func- 


on at same time in very short periods it has 
/ practically no effect whatever on them, so that i in 1 the range age of pid 


ia ary i irregularities in in supply, it it may ‘simply be taken | as rapidly i 
pearing in its effects ‘on the lower lakes, ‘but how rapidly 
would depend ot on the length of the irregularity. only perhaps 
the event of a system of storage in in an upper lake through 
to be let out at another waned the subject would wae any general: in- 


7 = and there its effects are best worked out as a a special ca case. 


the levels ofa. a chain of lakes i is s therefore confined t to the consideration 

the rec’ 


— 
lm 
tm 
il: 
| 
— 
— 
— 
A 
— 
— 
i@ 
— a 


“MER 
= = hy = 1V hh; = Vis 


= Ih, = IITh, =IV = Vh, ete. 
Here the vertical lines the of the he supply ,! 


in the basin of each respective lake al] the w way down, and the hori- ke, 
zontal represent all the effects that as a whole make up the ‘surface pe 7 
movement of any lake i in the In correspondence with this isthe 


areas of the respective lakes: will be represented by Ay, Ay, ete., 
in the variations of supply asint by a, Ay, , and the 


change al discharge per foot of rise or fall in the outlets by = O» 


0.18 
Ps 
a nd as the factors vill. ‘recur continually. in 


wi 
these operations, it is Ss convenient to by the. more sim- 
ple terms K and V, writing them for their a values of A and 7 
Ih = = a, x, V, sin t — ec cos 
3 as the > second lake c, xX h, is the resulting of supply 


1g 
4 


— 
Ii 
— 
| 
— 
— 
— 
tm 
— | 
s 
| 
— 
: 
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‘cs Kecost +sint «Ke 
4 


(Ko* 


= a, ¢, K, K, V, Kyo — 1) sin t — — (Kye, +. . cos 


And again for the third lake with ¢, x Ty supply, ana X hy 


hs e KE, — — 1) si sin 


( K, 0c, Ky 
in n general, 


a and Ba are as 


total surface lake, are eal computed. “Thos, to 


¥ 4 = 
= Aah 


2 


ae 


A 


— 
— — 
— 
And in general, following the process 0 Tormer integration by 
— 
_ 
tm 
a 

= 

Ti 
=< In the case of begin with > 
ty Ky Vo t— cos) 4 
in the same way finally in the lake there results 
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illustrate, the case of a lakes may be taken, cach, with a 


variation in a the he supply, dering each lake as a | simultaneous 


“and 30 of cubic feet } per second pr per of rise or fall. “Then 


ce 


$0. 18 TA, 


“40, 0486 IB, 

> 


‘ 


3 
39625 


Y 


0.4328 


= 


= 
036 
+0914 
— 
> 
— 


2625 m 


0.6193 


7 


0.9900 


which | are easily made u up by 


CS. 


778940 2.321024 


i 


rn 


0. 15692 13915 an 0. 
98683 019988 0 10492 


0. 37628 
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ome ems 1047 

— 

1.0000 0.8100 2 

ey 

— 

— 

— 

— 
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Taking now tat intervals of with the of 
the year and practically with the means 


40,0785 40.1950 40. we 40.19 1359 
0.8718 —0,7550 —0.4359 —0.0000 -+0,4359 


These values for the halt cycle here in series 
primary supply on, to its effect in the last lake. 
8718 —0.6765 
0.1266 


oo 


= 


LL 


gag 22583 
bbb SLbL 


Lib dob 


bbe 


— 
— 
— 
4 And with these values, from the equation / iia 
eet — 
— +0.7967 — 


1g 


these summed algebraically for their respective lakes 


iti is easier to sum at once the coetlicients of sin tand | cos ena 
late directly the cycles of these resultant oscillations. pe = 


h, 0.8718 —0.6765 —0.9000 “40.1569 40. 8885 
IT h, —0.9047 —0.7398 —0.3767 40.0873 +0.5279 40.8272 +0.9047 
Ito IT h, 0.8955. —0.7364 —0.3801 +0.0781 +0.5153 +0.8146 +0.8955 
ItolV h, —0.8024 —0.7332 —0.8777 +0.0702 +0.5147 0.8124 0.8024 
Ito 0.8922 —0.7326 —0.3766 40.0802 0.5156 40.8922 

values are shown graphically in ‘Fig. he 


the form of the it very that they 


do not give, w vith a any degree. of a accuracy, thee extremes. _ It is seen, of | 


oo ~ course, that while a sin ¢, or ‘the supply, is in all cases at its maximum 


902, its corresponding rise reaches its maximum in in the first 


J somewhere between the 150° and 180° periods, at and that this | again as 
ast supply i is 0 once more retarded i in a the rise e of f the ‘second | lake, and 80 


ay, 


in form. of the 


tes 


m respectively ; ; ‘and by substituting either i in n the e equ ati : 


“It is is, however, enough simply tocon- 


the or — is given. 


maximum, as before only the half was calculated, 


be followed by the s sive change of term 


Thus, in in the case of J, the supply, sin t has its maximum 


a 
at 90°, while for I ‘ — is minus, and is therefore in the 


4 a | 
q 
a 
— 
| 
aed 
= 
‘require et these pointe of me 
The value of ta ~ 
— at 1g by 180°, that correspon 
q ‘The two ang yn are of conr 
wal 
opposite sign a primary supply are traced down, the: 
— the effects of a primary supply 
— As the effects of a prim 
a 
— 
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oa. second quadrant, and its angle 10° 12' gives th the absolute position as a 


= 180° 00’ — 10° 12' = 169° 48", and substituting this angle om gives 
the value of 0. 8858 for the maximum of Ih, Again for or Thy, is 
and is thus in third quadrant, and its angle 640. 41’ gous its posi- 


tion as 180° 00’ + 64° 41’ = 244° 41’, and its 0. 1589. the 


ome way is minus and lies in the fourth and its 


places it cat 360° 00' — 45° 314° 58’ with ‘the maximum 
39 91. While vied. “+ and “5 are both plus and lie in the 


360° 00’ + 82° 18’ = 442° 18’, and maxima of 0.0128 and 0.0051. 
The po positions of these maxima and their values ion this whole b-" 


series of cecillations a: are tabulated follows: 


440018" 
2850 05" "300° 52" 362° 30° 
160° 12’ 2950 58” 287° 36’ IIT 


0. 1539, 0. 0. 0. 0051. 


8689 0. 2207 0.0726 0.0987 IT 


From these values of / it is seen at: once | that the 


the maxima of Ih, ond Th, or 2440 | 169° 48' — 740 is also 
ry difference between 164° 53° and 90°, a r between the x maximum of — 
su] pply, « asin ¢, and its: rise, IJ hy And, again, 70° 12' is the general d dif 
between and hs ; 65° 46’ + between and ly and 610 38" 


a4 
_ be tween hy and = ; which are also in in each case the difference betwe een 


plies, a t and their corre- 


sponding in the first lake. then plain that the 


in any lake i is a constant me upon the ‘physical proper- 4 


— 


— 
a 
— 
— 
— 
— 
“4a — 
| 
Ce i 


416 _ SEDDON ON RESERVOIRS AND STREAM FLOW. 


: ties of that lake, and in no W way u upon the magnitude of the oscillations 


passing through it. And just. as it has been seen that aay oscillation 
"passing from a “giv en lake to the next is retarded by a a fixed time ; 

 itme ‘it may b be seen from the corresponding maximum values of h that they 


are also 10 reduced by a a fixed percentage. 


_ is time therefore to turn from the series of equations which — 
=" just been considered, to determine the formulas for this 
> 


2h tion and reduction from lake to lake ; for it ‘is very ovina that they 


are a much more general e expression for the laws of lake movements _ 


ed 
than than equations whi which ‘simply give d direct values for assumed times and 


that it is enough to express in the case of J from tO 


for it is also the same from lake to lake in the case of I, 1, UL, ete. 5 and oy. 


omitting, therefore, the J in the general equation, ‘and representing by 


and reapective we the maximum rise and the time to 


‘it, there ‘results: 


cos 


ead eliminating betwe equations: a) and 


Ky 
Again from the law of formation | in the values of wand 
ba 


=| 


Cy +6, ora, = Kat, + 2 Kye & +A 


| 


as 


— 
— 
— 

x 
— 
— 

— 
— 

— 
— 
— 

= Koc, (a, + — 


ier 

80 o1 on, until is in n general 


a 


for K, and their ‘respective vs values 


. Cn 


(0 18 ) 


= 
capacity of its tales and its outlet. 


called R; representing w me the time of of the 


then and the e nth lake, there r resulta: 
sin R, = sin (ty — = t!, sin 


“and 


— 
— 
— 
— 


7 
4 


= (K, An cy —1) 

— &_1 B, = a? 


therefore, 


aul 


ven 


same It gives the ratio - and is a most ¢ 


venient Sunction for calculating the effects of a given oscillation in 
any ny lake + upon all the lakes that follow it; . for at any point h', a 3 
Pa =h', 


with | exactly ‘the same | oscillation of f supply in in the 
Jake, and, in consequence, the same of h',, n may have any 


ber of v values, a the. oscillation from above which 


- lake on the variatic 


er 


maxima for the ‘oscillations of supply end discharge respectively in 


the n™ lake, 


A, 


Par 


igs 
oscillations of supply are retarded by this period, which depends tlone 
. upon the area and the outlet of that lake; but on comparing it with _ a i 
a 
A has 
oom rs ions of supply; or a reduction of the same 3 

— 
— 

— 
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0.18 ¢,, 


Thus i in equations (VI) and ( Vil) may seen the area 


d the e outlet the lake iteel, its whole effect upon oscillations 


sim 


Indeed, these last equations might have been or iginally determined — 


from the consideration of the the general relations as between an Os- 


‘dilation of supply, a sin and i its of |] 

ig 


: 
a 


& 


a 
W heb, reduced the factor 


A 


— 
— 
is — 
— 
and again taking /’ 
— 
— 
ig 


= 


gether a similar oscillation to o sin t, only shifted to a new origin o fe 


- time, with a zero of 90° before the maximum ?’, or zero where ¢’ om A 


c 90° =1, as the origin i in the e original, a sin ¢, was zero 90° before its woe. 
a a imum; and as this is true » of any oscillation in any lake, it is just, as 
applic able to the oscillation : as the first; ; and the formulas for reduc-_ 
tion and and seterdation determined from it apply to 


From equation (Vil) it very evident that t the maximum of level 
is giv ren all cases by the equation 


+ 


ina series /,, there results =a,, by which, from 


the of rise h',, in any case, the corresponding sup- 


may be at once determined; | this: is easily carried 


the followi ing are given 


> 0 | 6, 1 
I 544 | 1 174° 08" 
8t. Clair | 3.9070 | 90° on 
Erie .. 30 00 | 4 151° 88 


Ontario. 


wid 


2 


— 
— 
a 4 
— 
— 
a 
— 
— 
4 An analysis of the mean oscillations of the Great Lakesishere given 
illustrate the application of the above formulas to the study of such 4 
— 
— 
— 
— 4 
— 


Seainatadine years, from 1871 to 0 1895, for Su 


oo ed oscillations. 


+0 


8 


| 


November... 


2% 


a 


‘el 


& & 
‘a 


th 
cillation wi e observed re 


observ ed 
The 


‘The value of the : maximum n of sath is ae taken as 0.50, and the 7 


oscillation of its supply i is s therefore— 
d : 
or IS= 83 460 sin 
0495 | 
= 4.9495 = 83480.) 
‘The effects of this upon all the lakes tite is “am carried om a 


— 
me, it is seen that the zero of i — 
a 
> 
— 
4 — 
| 


| 


led 


| 


a 
| 


7 | 


result gives the oscillation of Michigan- Huron the supp 
ater-shed. - This is called the local observed osci 


"4 its corresponding computed trial oscillation is giv 


Local cecilletion, Computed trial oscillation. 


he, 
ote 


me 


these it is seen that the ma 
in 


of 0.52 is best fitted to the | whole series, from which— 


log 


4 


— N_ON RESERVO 
at thane af tha and with = 
— 4 Febreary. | - 
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d from its values of Wy, This, pain: 
on the retardations, and then Michigan- 


ce 
Su uperior time scale are as follows: 7 


on 
Haron. effects n the 


Byron time. _ 


Superior time. 


ITh’, 1.9283 = 0,213 
+ Po 1.708 

1.0705 = 0.119 


Inthe case of St. Clair the 


iched suming, fo 
s supply a value of 4 corresponding to its water- shed, and sum-— 
the effects of this with the effects from above. 
~¢. In this case a, was ‘finally taken as most probably ab about 8 000 ato 
“the same period as the Michigan- Huron supply, gi giving S= 8 000 sint, 
where the ¢ is reckoned on the Michigan- Huron seale. ; F 


— 
7 
ia 
ii 


=~ ge bie, 
Michigan ‘Huron time. 
rt’; = 96° 

56° 
4 Superior time. 


40° 


= 101° 40 
3 
mt, = 152° 16" 


this this. case in the place of the trial oscillation, “a 
i complete oscillation of St. Be is taken to add to the effects from a 
Erie, again subtracting effects of the lakes above 
— 
from ite mean levels, the following i is left for the local observ ed oscil- v 


lation and the computed | oscillation corresponding to it. jopinerizs 


wees Local observed illation. 


“4 
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0.50 = 1.6990 = 


* While plotting and ‘comparing it is seen that the zero of ¢ is some ss aa 


° “earlier than the n mid-January period, or or in n this © case 66° > must 
or 4 


- 


“time. ve, 


From amen 


+ or VS= 35 620 : sin i. 


‘While plotting and comparing is seen thet t the its ¢ 


es we earlier than the mid-J anuary period, or r subtracting ‘74° from the 


tof i its trial oscillation brings is also upon t the he Superior time scale, 


| 


— 
— 
— 
7 
— 
3 ere ve, = 1.4472 = 0.980 || 16 —0.140 A 
for Ontario, weave: 
40.005 


— coincident values of h and d taking their algebraic | sums. Of 
these the combinations } have been made shown with 


ments is best t followed. However, the | purpose of ‘this: is study has been ae 


ee the analysis of these movements, and with the ¢ equations ns andthe 
illustrations th that ha here t been given, it is jo thouget that there a are fe 


s “effects through a any webabe: of lakes or reservoirs s that may n not be readily 
tt contrast with these relations in wines was levels it may be inter- 
esting: to note briefly the character of similar relations in the Missis- 
sippi River. There, of course, the mathematical basis is wanting. 


Between | the lakes, it matters not what energy may be stored in the : 


a flow, it is wholly y absorbed through : agitation i in the inert mass 3 bel 
the sheer fall of the Niagara River makes not the: slightest differ 
~~ ence in the: relation of ‘supply to discharge, o1 or the rise of one lake cf 
_ the other ; but it would | certainly b be a bold assumption to start t with, 3 3 


to hold that essentially the s same thing was true ! for the vers sand Leven 


if that were the oa case, it is known | that the linear variation of Q to his 
not t throu h the great ran e ts flood oscillations. 
correct gh ‘it flood oscill 


rise Ps are at some twenty or more locations the 


- Mississippi twenty- five to forty years of daily gauge- -readings from = 


which to determine w what they ar are; e; andas all these data have been 
a worked over, again } and | again, slong just th these lines, its positive sh 


ie a ings at least merit ac comparison with the above theoretic deduction 


They may be stated as follows: s: First, for ratio 


as might be expected, it is practically unity. 
a "decrease in the magnitude of the discharge a as flood- -wave passes 
down, if it is is altogether beyond the e range of of observation. 


the ratio of rise or ‘fall, has i in a difference in value 


a between different gauges. : It is a well-determined constant for each ai a 


ty reach of the river ; and ile in the e course of a number of years it may 


change to some extent with a » change of neietaaniiid the ia Missis- 


4 


os. 


~~ 


| 
— 
— 
— | 
— 
— 4 
— 
a 
— 
— 
| 
— 
— 
— 
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sippi it is remarkably: stable. Finally, R, the retardation, is also there. 


constant 0 of the ‘reach. value is very different: from gauge to 
‘gauge, and d differs. greatly per mile’i in different parts of but. 
“once determined for a given reach it seems to be practically the same 
_ there for all floods and for all time. e. It is is, » however, measured i in ndays 


hours, here the retardation of the lakes is measured in 
in years; a and, unlike the retardation, which is a fraction of the eycle, > 


a e retardation in the river is the same absolute time, whether the 


7 cat From these herent the river it might be inferred that w 


q dealing with something like a limiting ¢ case of a chain of lakes, as, i in- “a 


; Pr deed, it is well known that we are. a Were the Mississippi to run down 


to a zero of discharge, that would be exactly ' what it would show, only _ ‘s 


here their areas, some 5 to 15 miles long, and from a half to a mile 


¥ wide, are almost lost sight of, in comparison with the great. discharge 


capacity that exists” between them. In general, , also, it is a fact that 


at mad highest stages the greatest velocities are found in the locations 
ihe 


¥ of the lakes s themselves ; ai and with their functions ‘thus reversed, they 


may b be more nearly taken to represent the he points o of 


a it is not, however, a part of this study to © consider theories of flow; 


 qnd it is s enough here to note “that, as the character of flow cai 


a chain of lakes corresponds to observed facts in ther river, ‘it t furnishes ae 
Paine 


the basis of a radical departure from the whele series of assumptions i, & 


‘upon which hy draulic | formulas have heretofore rested. a 


ae 
— 
— 
— 
— 
— 
— 
— 


DISCUSSION ON “RESERVOIR: SYSTEM LAKES. 
DISCUSSION. 


Winer, | GEorcE 7. M. Am. Soc. C. E.—The members of the Society 
te who are interested in the hydraulics of the waterways of the Great 
Lakes a are certainly deeply indebted to the authors for their very elab- 

orate analysis of the theoretical effect of storage ‘on flow of water in a 
it order that the old adage that “ figures cannot lie” may hold — 3 
_ true in all cases, it is necessary that the premises and the data from | 
which the formulas are deduced be | strictly true, otherwise the prac- 
ee _ tical application of such formulas may lead to the absurd result that 
actual existing conditions are impossibilities. 

On page 402 is stated that the supply to any given lake from 

inflow, drainage, precipitation and evaporation will vary as the sine 


a ms of an are on a circle whose whole circumference rep represents one year; Hs 
_ that “‘the discharge from the lake is, of course, determined at any 

~ ¥ time eskaly by the value of h, or the level of its outlet at that time”; 
and that ‘‘it is sufficient to take Q as made up of a constant element | — 

Or» the value of discharge at an assumed level, and a variable element a & 


ch, where h gives the surface at any time above or below this arbitrary 
level, and c is the average change in discharge there per foot of rise or © 


‘These assumptions come about as near representing the actual 
conditions on the lake waterw rways for any given year as a composite 
_ photograph of a hundred persons would represent the individual ch 
‘The formulas | based on these assumptions have been derived by the 
use of the integral calculus, which p presupposes that the supply, the 3 


4 discharge through the outlets, and the oscillations of the lake sur- _ a a 
“2 faces are regular variables; while in fact they are well known to be so _. a, 


irregular that it is impossible to predict their variations one month in 
sig advance. From these deduced formulas it it is shown (see page 363) - 
the ratio of the maximum supply to the maximum discharge i is inde 
pendent of supply. This conclusion alone is sufficient to indicate 
that the results derived theoretically do not conform with the facts. oa 
"The supply is made up of the algebraic sum of the inflow from 


% other lakes, the run- -off from the water-shed, the precipitation on the . 


- lake, and the evaporation from the surface of the lake. » The first three 
. of these elements are positive and the last negative, and as a general ~ 
rule it may be stated that years of maximum precipitation and inflow — 
are y ears of minimum evaporation, and vice versa. An examination of 
_ the tables of water levels of Lakes Michigan and Huron for the past 35 os 
"years, shows that the fluctuations of the levels, due to variation in the o a 
"Tg supply and dischar e, at times amount to as much as 8 8 i ins. per month 
Be, P 


— 
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— 
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j 
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— 
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in depth over the whole ee — for a rising stage to | aM Mr. 


positive supply of about 500 000 cu. ft. ‘per second, , and for a 


‘stage to a negative supply of about 200 000 cu. ft. per second, making 
the total variation in the supply 700 000 cu. ft. per second. Thearea _ 
of Lakes Michigan and Huron varies but little for different stages, — 


therefore, whatever change takes place i in the ratio of 


:  . ditions, but, unfortunately, these conditions do not now exist at th 
; vas outlet of of Lake Huron. In fact, the conditions the > authors h have as-— 
ae sumed to exist are the very ones that the advocates of lake regulation — 
ve St. Clair and Detroit Rivers, being simply connecting links | a, 
between Lakes Huron and Erie, their surfaces fluc ctuate wit with the levels = 
of the two lakes and with a slope depending v upon n the respective levels ce <7 
of each, and since the fluctuation of Lake Erie exceeds that of Lake ve 
i; Huron, the slope of the rivers is generally greater at the low stages of 
the lakes than at the high stages. A large percentage of the fall from 7 
4 Lake Huron to ) Lake St. Clair (about 5. 5.4 ft. for mean stage) is at the ex oa 
= outlet of Lake Huron ( which at the g gorge is . only 750 ft. wide), . 
“a 2 and any change in this fall, due to unequal changes of levels of the re- i 
: spective lakes, produces very decided changes in the slope of the rapids - 
at the outlet of Lake Huron, and a corresponding change in the vol- 
; ume of the discharge. » The volume | of discharge, therefore, not only 
depends on the stage at the outlet, but also on the relative eleva- 
i tion of the water surface of Lake St. Clair; but as the water surface Ky , 
ek = of the latter follows the level of Lake Erie very closely, the discharge _ 
of Lake Huron will depend on the stage of that lake, a and also on that 
; of Lake Erie. If the level of Lake Erie be so regulated that the. oscil- 
q lations, aside from those due to winds, be reduced to a few inches, 
the area of the cross-section of the outlet of Lake Huron and the slope 


# of the river through the gorge would depend upon the stage of water 
at the outlet, and the fundamental formula used by the authors would 

_ then be applicable. It needs no mathematical demonstration to es- 

_ tablish the fact that storage is absolutely essential to any system of 


x i 
emplate only such changes i in the flow ‘through the lake outlets as. 5 
the maximum benefit to commerce, by controlling the 


— 
— 
| 
3 depends on the value (c) of the increment of change in dise = 
ft. change in stage—a quantity which has been — 
= ian a authors to be a constant, or, in other words, the ratio would be nearly __ “- — 
— 
— 
— 
— 
4 
— 
— 
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gan end Huron n more effective, by making the ‘discharge from 
= Huron depend on the stage of water in those lakes. The slope of the - ; 
ten St. Clair, under present conditions, is greatest during the low- water Re 
‘season of the winter, but, with Lake Erie regulated, it would be a 
1 ‘minimum in the winter, thus giving a maximum effect t to the : storage = 
capacity of Lakes Michigan and Huron. = 
-:. The area of the lake reservoir system above Lake Erie is such that, 
for an average season, the inflow through the Detroit River would a 
ae the level of Lake Erie 22 ft. if not discharged, , and the changes — ce 


in the flow, which will be produced by regulation, will be | so small, a 3 


compared with those due to variation of precipitation and evaporation , 
that no injurious results can possibly arise. This, 


‘It is stated that balance of forces which Nature has here 
Te produced in the course of long ages is one of the most marvelous — 
a3 features of these lakes; and a careful contemplation of it cannot fail a 
to convince one that an almost perfect compromise has been reached or ‘ 
between the conflicting oscillations of lake level and outlet discharge. | 
It is difficult to see how either could be brought nearer to absolute — 
- uniformity without a resulting departure in the other which would 


The ‘same, w ith equal fairness, m may said of the 
which i in a long series of years have produced certain depths on the -* = 
sand bars which obstruct the entrances of ocean harbors; yet 
4 where would the commerce of this country be to-day if these forces, = 
- under the guiding skill of the e engineer, had not been so modified that 2 
they have produced and maintained channels of more than =e 
the natural depths? If it is true that beneficial results cannot be — 
produced by modifying the action of the forces of Nature, the writer — 
sees no reason v why the maritime and ‘river and harbor engineers 
1 .. The author of the first part of the paper advocates placing regulat- 
ing works directly in the outlets of lakes, such that the piers would 
the cross-section sufficiently to raise the lake level, 
means of needle dams, « co ntrol the oscillation of the lakes. 
a It is s certainly a a fact | that, if the gorge of the outlet be A 3 . 
in width, the mean level of the lake will be raised, and it is equally — 
7 ‘= that such contraction will increase the fluctuations of the lake e 
a level and thereby augment the evil which it is wished to correct, and 7 
— the same time » cause great damage to the 1e existing structures | of 2 
If the regulating works should be placed at the foot of the lake, 
above the outlet, the water in the gorge below would rise and fall — 
with the change in in the discharge over the fixed dam, or through the 
regulating dam—either of which would accomplish the purpose—and — 


es carry off the surplus water at the time that the leke i in its 
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oe and ‘perhaps slight; but the sone remembers h mere an eye wit- 


natural condition would rise, and restrict the ding Mr. 


is stated that ‘‘The only way the effects. of. can 
is to contract the outlets, so that the flow through them 
at the normal mean level shall be diminished by an amount equa! take ~ 


The result of such a janet ‘would be worse than the evil it i 
~ intended to correct. It is a well- known fact that vessels on the lakes 


‘tions in these depths would be v very injurious t to the lake commerce. id : 
a The depth, which may be obtained and ‘maintained through our 
; ¥ lake waterways and thence to the sea-board, is not nearly of so much . 
. as that it shall be made nearly constant for the senson of hes a 2 
navigation through the channels from Lake Huron | to Buffalo. 
_ ‘This cannot be done by any contracting works in the outlets of the _ 
lakes, but it can be accomplished by regulating works at the foot of a 7 
Lake Erie, leaving the outlet unobstructed to take care of the maxi- | 
mum discharge, which would be approximately the same as under 7 
natural conditions. W ith the level of Lake Erie regulated, the dis-— 
_ charge at the outlet of Lake Huron would vary with the stage of te = 
water in the lake, and, if it should then be found that the storage rz 
capacity of Lakes Michigan and Huron was in excess of what was ate a 
= the fluctuations of those lakes could be reduced by enlarging — ps 
the cross-section of the » gorge at the head of the St. Clair River. _ 
In the improvements, by dredging, which have heretofore been ant 
eos in the St. Mary’s, St. ‘Clair and Detroit rivers, the material ; i 
ated has been deposited i in the otreams to the 


“Ste. ‘Marie i is “about half a foot leas than f 
Huron before the improvements “were 


W. Brinc KERHOFF, Am. Soe. E. =e seems. Mr. Brincker- 


‘Some of these calculations of lake discharge might have to be labeled ~ —_ 
2 ash Mr. Dann, late w eather prognosticator of the first district, used to ; 
- mark his prophecies—‘ Subject to revision by the east wind.” Of 
- course the effect of the wind on lake discharge would be dempornry 


a 
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i= been shows, — 
very elaborate reports, that these impro retically, by several 
2 extent lower the sl provements could to no appreci- 
or the same st — 
aKe uronD tO luake Erie, IOT a e, and the slope from 
about 7 ins. less tl average stage of the two lakes,is i iim 
s than it was previous to the es, is 
ning of these 
rag 
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"Me, rincker ness state that the flow of the Niagara River er was, in the early part of 
the century, once completely checked, so that for for a few hours it aod tf 
possible to walk across the bed of the river above the Falls. - This was | 
: caused by the wind, but not because the wind blew up the river. Lake 
of _ Erie is the shallowest of all the Great Lakes, and, therefore, more 4 ; 
a easily affected by the wind, whieh causes at Buffalo, and presumably _ 
also at the other end of the lake, quite extensive wind tides. On this his 
particular occasion i it is probable that the water in in the lake was un- 
usually low, but, in addition to that, the wind, for some time blowing» “3 
og strongly from the upper end of the lake toward the lower, forced out — 
through the Niagara River all the water that it could, and then turned = ay 
yr and blew the other way, , and lowered the ‘Temaining water so 
much at the eastern end of the lake that it was below the level of the Zs. % 
bar or shoal at the head of the Niagara River, thus stopping its flow ‘ 


B. M. Am. Soc. C. E. regulation o or control 


many, perhaps, have jumped to the conclusion that it is very simple 
—is really a serious and difficult problem, and should be approached ee ; 4 
ith extreme e care, and only after a a long series of physical i investiga- = 


tions. The believes that such investigations ar are now being 


undertaken by the officers who are in charge of the survey of ae 
— lakes, and that a number of years will be given to the study of this 
subject. Active work has already begun, tending to develop all the 
facts that would seem to be material. _ This paper lays out the on 


on which will have to be based all future studies | for the: improve. 


On the Michigan Peninsula and around the shores of Lakes Michi- 7 
Loan gan and Huron on the south, the ground iss so extremely sandy that 
_ the underground flow must be very large, so that these lakes receive g 
a great quantity of water which could never be ascertained ed by the 


ordinary n method of observing run- by streams. , 
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Tuomas P. RoBeERTs, , SAYS: Mr. Roberts, 
«itm may be accepted as a condition, to which there 758 
a ean be no qualification, that any alteration of natural conditions in M4 <y 
the Great Lakes, which shall result in a material diminution of flow 
in the outlets during any portion of the navigation season, manet be 


bold sentence appears as a a syllabus i in n the of the 


8, possibly in the Detroit River, is to be permitted 

“the season of navigation, i. ¢., , reducing their flow below their mean 
a discharge, but , the remark» is not so” fully applicable to the Niag 
which is not navigable, unless, indeed, it be shown that no 


= tolerated on the St. Law rence. May it not be possible, even with 
wa, - the discharge of the St. ‘Lawrence somewhat diminished, with train- 
works to maintain its n nav igption unimpaired ? Theoretically, at 


during seasons of pr drought, somewhat upon the 
- discharge ¢ of the outlets, yet he fancies this trenching will not actually 


amount to discharge to less than their extreme normal 


a must not trust too far to keeping our pennies while buying our pies,’ 


Ae at the he same | time let us not be alarmed too much concerning the out- = 


discharge than they would without However, “we 


dts. . If some of their water supply y should happen to be shut off, 


it is within the range of art to compensate for such mischief. AA 
The writer finds himself mentally noting ‘‘ correct,” ‘ correct,” 
to paragraph after ‘Paragraph of Captain Chittenden’ 8 propositions 


all of will leave the advocates of with not a a leg to 


4a 


on, and to almost force the conclusion that — whatever can be a pay 


servative ideas of lake improv ement are i aon to be ev ver realized. - 


=] 
Be. CORRESPONDENCE ON RESERVOIR SYSTEM OF GREAT LAKES. 
4 | 
ag 
soo, 
{ 
or not all of his readers will agree with its sweeping conclusions. 
: 
iz 
a _ 
than their existing minimum, because the dams, by increasing the ? 
— 
Fe 


CORRESPONDENCE on RESERVOIR SYSTEM OF ‘GREAT LAKES. 

“Mr. Roberts. to the suggestion of storing water in Lake Michigan to make up the 
ioe amount diverted for the proposed maintenance of the Chicago drain- 

canal, Captain Chittenden | says, page 381: 


The storage of water in Lake Superior must commence by cut- 

_ ting off the outflow. When the stored water is run out, the total in- 2 
crease of flow over the normal condition will only be equal to the pre- _ 
vious decrease. In other words, the total supply to the lakes below, | 
‘upon which their mean level depends, cannot be altered a particle by 


_- Certainly the total nie to the lower lakes will not be altered a 
particle, but this is far from proving that the regulation of the supply _ 

from Lake Superior will not prove of benefit to Lakes Huron and 
shigan ‘It may be found practicable to so gradually store water 
oe in Lake Superior as not to, while so doing, diminish the twin level . 
lakes below a desirable least level. However, the amount of damage — 
which is likely to result by reason of overflow along the shores of 
Lake ‘Michigan should be known wn before seriously discussing the 
of that great lake as an impounding reservoir. 


perio for much concern is the effect of his dame i in increasing the’ 
height of the maximum rises. It cannot be said that dams at the out-— 


Aisastrously affect the maximum levels of the lakes above them, 
with a a system 1 of movable dams under | proper management, the writer 
at. contends that the records of the fluctuations of the lakes during the — 
‘past quarter of a century do not afford ground foralarm. = ~~ 
= Referring to the profile o of the lake oscillations, Plate XXXVI, o 
Lake ‘Superior is found a conspicuous apex during t the summer 0 
1a 1876, so marked indeed that it becomes a matter of practical import- B: 


ance to know what damages would result from ee it an a 


eae 1876, the lowest levels of Lake Superior were above the 
nes, level, so that the probabilities are that if an adjustable dam had z 
_ been in existence during those years it would have remained down, — 
and consequently the rise ‘of 1876 would not have been ‘augmented — 

by its existence. If, in the fall of 1876, the dam had been raised, it 

could have held surplus water until 1879 or 1880, which (without a 

= oer bg dam on the St. Clair River), would have assisted in maintaining Lakes 
ec Michigan and Huron. . How ever, it is to be granted that when such 
large profile a areas of depression as , existed in the lower lakes between 


1890 and 1898 are considered, it becomes manifest that something 
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CORRESFONDE 

than water from Lake Superior is demanded to meet the me. Roberts, 


from 1875 to 1891, a period of 16 years. Let it bes su 
owed that an adjustable dam had existed in the Niagara River during 
these years. _ It would probably have been lowered in 1882, whenthe 
a “indie ations were that the lake would not decline to mean ee. 
_ would have been partially raised in the beginning of 1889; lowered 
one year later early i in the season, possibly w without materially increas- 
ing the summer rise of 1890; again raised in the fall of 1890, and kept 
either altogether or partly raised, to the present season. This vould 
have ma le only four maneuvers of the dam necessary in sixteen years’ 7 
e, the last maneuver holding Lake Erie’ at, or somewhat 
its mean level for seven. years, during which time it is difficult to see - i. 
how the discharge of the Niagara River would have materially varied re i. 
- from its discharge during those years, with no dam supposed to be i in a 
5 xistence. . The summer rises 0 on Lake Erie would have been ( 
tenths higher whe a dam than w but the 1 range 


in its outlet. Nor does the study of the profile of oscilla- 
Gens ate that wi ith dams at the outlets of any of the 


‘their maximum rise, for the reason that in no year A a decided 
“maximum on the lakes above Ontario is found, during t! the navigation RS 
Season, a level below the m mean, calling for their ra raising; 


hatever Captain Chittenden may attach to his own 


a (see page 383), if dams must be had, to find him cll lien a series ; 
needle dams between piers extending across the Niagara, in prefer- 
‘ence to a fixed wier. J The writer entertains the same preference for an 
adjustable structure at that point, and, in January, 1896, in a com- 
-mInunication to Senator Brice, which was published, along with com- 
"munications from others, ina a report, without document number, of 


practicablet to confine their range ze bet w een ‘their present mean nd high. - 
water levels. ‘The phenomena on the lakes which will follow the 


— 
q 
q 
fe mum floods neared the danger line. The year 1890 is an apparent ex- 
ception to this rule, for Lake Erie, when a winter low water of about 
e writer never entertained the idea that the lakes could be 4 
— 


id 
4 


is peewee aaa novel aspects responsive to the rules laid down in 
the paper, but not attended with in n all as 


Matter, GroncE W. Rarrer, M. Am. Soe. E.- —The general questic 


= can be made of their water registers to determine the yield we : 
tributary areas, has been, so far as known to the 


have treated the Among the more 
4 sions of the general proposition with which the writer is familiar, that — 
of Lieutenant-General Mullins, as givenin hisIrrigation Manual, may 
be » mentioned. . In that discussion General Mullins refers to formulas 
"devised by General O'Connell, of the East Indian service, which, 
+ however, have not passed under the writer’s notice any further than 


as referred to in the ‘‘Ir og Manual.” The general problem vert 


tion used are more cumbersome than actually necessary. It is be- 
lieved that an arithmetical solution could be used | with considerable 
that the authors’ use of quantities in cubic feet per second is one of ee 
unnecessarily cumbersome features of the computation. A reduction 
of the data to inches on the water-shed, and a aeonet use of the same, 


would by itself sim mplify the treatment greatly. . Iti is s nat Geniend, how. 
to be an unsound position of the ‘cotheni in senenil to the desirabili 
of considering rainfall, run-off and evaporation data. 

: It is conceded t! that the uniformity o of flow characterizing the | is 
charge of the Great Lakes is due, purely, to the equalizing effect of - 
the vast storage on the surfaces. The position of the authors ap-— : 
parently is, that the effect of this storage is so great that consideration — 
of the temporary effect of rainfall and run-off from the tributary land 
areas is unnecessary. it seems to the writer that this is equiv valent to 
saying that the whole is less than the sum of all its parts. Sine 
making, two years ago, a brief study of some of the questions dis 
cussed in the paper, it has seemed to the writer an exceedingly in 

7 teresting circumstance that, notwithstanding all the di "discussion of 

‘ outflow of the Great Lakes which has taken place, no one has thus 

4 far been able to treat the rainfall and run-off bi of the Leta: satis- 


economy of labor and time. Under this head, it may be pointed out a 


)ORRESPONDENCE ON RESERVOIR SYSTEM OF GREAT LAKES, 
— 
— 
— 
— 
“3 with being the most complete of any discussion thus farmade. é 
Many of the propositions of the paper are fundamentally sound, 
although the writer cannot but think that the methods of computa- 
— 
— 
— 
— 
= 
ce 
— 
— 
4 
— 
— 
— 


A This is the more astonishing when is considered the number of) Mr. Rafter, 

painfall data, applying to the basin of the Great Lakes, which are now 
available. A considerable number of meteorological stations have been 

- maintained in this drainage basin by the Federal Government from — ag 
Re about 1871, while all the States bordering on the Great Lakes have ae 

; = maintained State services for a number of years, thus accumulatinga = 


vast amount of meteorological data. ‘The Lake Survey also 


1867 to 1871 or 1872. To the north of the Lakes, the Dominion Govern- 
has maintained meteorological stations since about 1870. There 
are, therefore, fully twenty-five years data of the rainfall of the Great 
‘Lakes Basin; and while it is true that a longer period would give E . 
more accurate means, still, inasmuch as this happens to be the kind a a 
a a problem where means are not specially important, it is believed — 
that the data are sufficient for a rational solution. As to the proper 


_ method of treating this portion of the data, the writer would suggest _ 
the preparation of a map of the drainage basin, on which should be 
_— ¢om ore all the rainfalls for the period covered by each record. This ; 
each 
given rai rainfall. With the e exception of the widest portion of Lake 
a Superior, there is no good reason for supposing that any of the lakes pa ae 
om are so wide that the lines indicating these divisions could not extend, — a - 
without material error, across the lakes, there being, thus pea a 
- solutely no evidence derived from actual observation that the e rainfall — 
over the water areas is very materially different from that on the ad- el 
_jacent land areas. such a map, and with the areas of each 
a _ trict carefully taken out, it would not be difficult to compute the mean — 
for any given year over the entire re drainage | basin far more 
~ accurately than the run- -offs through the outlets can ever be measured. BP 
_ Sach a map may be termed an isoclimatic chart, and, with the large E° 
number of data now at hand, the sub-areas could be so apportioned 


that the conditions in each area would substantially 4 


years 1892-95, will show not only that a fall i in n the 
lakes was inevitable during the period mentioned, but also that, on ro. a, 
_ the whole, such decrease in elevation was in accordance with the clear ; i 

of the rainfall record. As to the fact that Lake Superior - 
was rising while the other lakes were falling, the writer at this time = J) ae 

le _ Table No. 5 contains statistics of ‘rainfall for the years 1992- 1895 at 7 
a number of points either actually in or very near the Great Lakes -_ 


— fia 
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— 
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lakes except Superior, which during that year 
— 
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r. the month of December of the previous year, and terminating w with the 
‘month of November. The water year is divided into three periods; 
months from December to May, inclusive, forming what is termed 

storage period; June to August, inclusive, the growing period; and 
: ‘September to November, inclusive, the replenishing period. ‘Under 
—* arrangement the water year for 1892, for instance, extends from — 
- December, 1891, to November, 1892, inclusive, and so on for the | 
The run-offs of the growing replenishing are » compar: 
© al 
ins atively small, and the statements of the quantities of rainfall for these ae 
_ periods are, therefore, omitted in the table in order to save space on . : 
“While the table contains only a few of the many records 
a be cited fre from | the Great Lakes 


2 


a sufficient at this time. It is easily Scteumined that, at the peer a 
ee the rainfall was either very low for all the years in the period ial * 
ale consideration, 0 or else that for the year ar 1895 it was s much lowe er : 


kee, Chicago. Aun Harbor, Grand Haven, Saint 
Traverse City, Cleveland, Toledo, Buffalo, Wi and 
be cited in of this position, 


No. 5.- In IncHEs, AT VARIOUS PLaces IN OR SEAR 
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THE Great Lakes Basin. 
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"CORRESPONDENCE N SYSTEM OF GREAT AT “LAK 

The data g given in Table No. 5, w without being x exhaustive, show that Mr. ‘Rafter. 

‘ - the year 1895 was, generally speaking, a year of low rainfallthrough- __ 
out the Great Lakes Basin, and, in view of the general accord between A 


_ the rainfall record and the elevation of the lakes, tl 


“than the authors are disposed to admit. 


By way of further showing the substantial accord of the water 
«reg ster record of f surface elevation of the Great Lakes, the rainfall and _ 
the» run-off, the writer will now cite some run-off records for the years © 


1892-95, inclusiv e, of streams either to the G reat Lakes, or 


‘ol @ drainage area of 32 265 
miles j in to the west of the Lake Superior 
_ drainage basin. The rainfall of the area tributary to the Upper Mis- 
-sissippi reservoirs, as indicated by records kept at Leach Lake, 
Winnibigoshish Lake and Pokegama Falls, from 1885 until the present 
: time, is found to be, as an average, from 24 to 26 ins. per year, and 
-_very similar in its distribution and other characteristics to the rainfall 
of the area tributary to Lake Superior and the northern portion of E 


z a Lakes Michigan and Huron; hence the run-off of the Upper Mississippi — 
may be: taken a as of streams to Superior and 


portion of run-off 
Mean 1 rainfall on w erater- i to rainfall. Per 


shed, in inches. t 


From this tihalation i is derived the interesting fact that, during the 
_ four-year period under discussion, the mean run-off of the Upper ie 
* sissippi water-shed was only 3.61 ins. on the total water-shed, althou L 
ea this figure is ; subject to correction, “eae the state of the reservoirs 
Tee at the beginning and ending of the four-year period is not given in the © 
= report of the United States Engineers, from which these dats are 
take ‘This correction, however, cannot be large, ‘because th 
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8 95 was only 2.79 ins. The water area of the a 


a 


VOI 


= — reservoirs themselves is 585 sq. miles, or nearly 18% of the whole. sae 
Lakes Superior, Michigan, Huron, St. Clair and Erie, have total 


yes” 


area of the basin, or nearly double the relative area of water surface 


what 

proportion of run-off from the Great Lakes. 

_ _ Another stream in the vicinity of the Great Lakes drainage area, ca 
{4 the Des Plaines River in Illinois, may be referred to. In 1893, the ~aneall 

rainfall on on the basin of this r riv er, which has a area of 683 sq. 


i 


for the water year was 27.94 ins., and the run- off, 7.70 ins. For the — 
water 3 year 1895, the was 27. 28 ins. . Thert run- -off record for 


months of December and but from what is and 
the sequence of the rainfall, it is clear that the total record for the year — os 
— 1895, did not exceed 2.0 ins. In 1896, the rainfall increased to 39.58 ins. ; ; 
nev nevertheless, the run-off for that year. was only 6. 69 ins. 
_ Another stream for which run-off records have been kept, the 
- Muskingum River in Ohio, may be referred to. _ This stream has a 4 
_ water-shed above the point of gauging of 5 828 sq. miles. The head- a “ee 
waters are not far from Lake Erie, and are on the dividing line between _ i. 
_ the hill country of the east and the prairie country of the Mississippi _ 
: ‘Valley. It is considered that this stream, therefore, presents condi- 
7h tions applicable to the run-off of Ohio streams tributary to Lake Erie. 
% ‘Ther rainfall r record is the mean of those kept at Akron, Canton, New- 
¢ comerstown and Worcester, and is believed to ‘represent fairly well — 
mean precipitation of the Muskingum drainage area. This record was 
_ carefully worked up by Captain Chittenden himself, and presented in 
on the water supply of the proposed Erie- 
2, the total rainfall for the water year was 41.74 ins., oa 2 


the hen’ year | 16. 20 i ins. 1894, the rainfall was 30. 50 
 yun- off 8.70 i ins., , while in 1895 the rainfall was 29. sad ins., ,and the run- -off 


The Oatka Creek, a tr ibutary of the Genesee Rive er, Was from 


ahr 


1890 to 1892, inclusive, the drainage area above the point of gauging — 
being 28 sq. miles. In 1892, with a rainfall of 41.69 ins., the run-off 


=A was 15.42 ins. _ The ‘Genesee River was also ‘gauged for a portion of 
od 1893, and for the years 1894, 1895 and 1896, the weaioage area above - 


k 


— 
large number of stations in Illinois and Wisconsin, was 26.96 ins., 
— 
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- year a 1894, ‘the total ose was 47.79 ins., and the run- -off 19.38 ins. ; a : 
for 1895, the rainfall was 31 ins. and the run-off 6.67 ins. In 1896, the - 
--rainfall was 40.68 ins., and the run- -off 12.801 ins. Hemlock Lake, another 


Lake, everything of which ¢ quagings have made. 


4 ie data cited are suffic ient to show that for the years } 1892-95, inclusive, a 
the run-off of the streams tributary to the Great Lakes was in accord 
with the water register and rainfall record. These records also show 
that the run-off of the land areas tributary to the Great Lakes is, in 

years of low rainfall, very small. Assuming that in such years the 


Nee evay oration is s equal to the rainfall, although probably it sometimes ex- a 
ceeds the latter; it is discovered at once why the land contribution to 
_ the Great Lakes has in such years so little effect. It accordingly fol- __ 
e lows that in years of low run-off from the land areas, the stage of the ai 
Great Lakes i is almost entirely by the infow from 


considering the water surface data, the writer must 
ix admit that the material at hand is extremely unsatisfactory. 7 It is be-— 
Moved, however, that with the p state of know ledge concerning 


about the Great Lakes would furnish sufficient data to solve this part — “¢ 
: Summarizing the whole matter, the w: writer’s position is, that while 4 
the authors have handled admirably | the general question of the oo 
_ Lakes storage reservoirs as moderators of the run-off, that they are 
still somewhat lame i in assuming that their discussion of the problem 
isin reality complete. The more rational view is that it is desirable oe 
to correlate all the phenomena, in in order: to reach a a complete solution. ee a: 
aa J AMES A. SeEppon, M. Am. Soe. C. E.—It is not altogether clear just Mr. 
r takes exception to in the mathematical analysis, for 


“hee can hardly have 80 misunderstood its scope as to that 


supply is that of sine the equations 
_ of two cycles i in particular w were worked out, viz., , that for the x years, 
and the yearly eycle, and with these it was also noted that ‘for : 
additional “eccentricity of the seasons, similar terms would follow. _ 
There is no form of reciprocal variation that cannot be so expressed 
except at an arbitrary discontinuity, and, to cover the whole matter, = 


the equation for this. discontinuity was was also giv ren. In the _applica- 


ON RESERVOIR SYSTEM OF GREAT LAKES. 441 — 
point of gauging, at Mount Morris, New York, being 1070 sq. mr. Rafter. 
miles, gave, with a rainfall in 1880 of 21.99 ins., a run-off of 3.4ins. 
So far as known to the writer, the foregoing streams—eithertributary 
— 
— 
— 
— — 
im 
a 
— 
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. tion of this, then, it certainly have been intresting if Mr, 
Wi 
_ That in the application of this analysis to a chain of rene only a 
single cycle was carried through in no way prevented any one from 
_ taking all others; it simply marked the way for any and all of them; 
while finally, in the actual example treating the ‘mean “oscillations « 
3 the Great Lakes, it was, of course, simply an interesting fact thatthe 
single annual cycle was about all that was left in these twenty-five 
— year means. Mr. Wisner did not object to this because it did not fit 
data well enough, but because it fitted the data too well 
ih | to the element, it was not intended i in the first: 


4 and criticisms in However, Mr. Wisner’s "point 


_ -‘regard to the variation of c at the Huron outlet would be well taken if ; a 
were correct; even in that case, if values were 


St. Clair level follows the Erie level very closely, but to say that = 
Erie level is the | cause of this | is quite another thing, since, for that 
it follows the Ontario level even closer. Indeed, the St. Clair 
levels i in this case, are wholly calculated from the probable supply of 
it own basin, and the effects down from Huron on \ it, and they have q 


the data of of St. Clair are notably deficient, and, ‘while there 
: nothing as, as yet published to warrant this step i in Mr. Wisner’ = 
assumption, still it may, perhaps, be possible that on occasions some a 

trace of an effect up from Erie may be detected in the St. Clair levels. | 

_ Tocarry this up again through the St. Clair River, however, and .s 


assume e that it has | a sufficient t magnitude a at t the end to material ially — 2 : 


follow: upa supposition further than seems wise. if Mr, 
Wi isner will not take a caution here, he will find that Nature has an 


blunt way of her own in those who build on such 


regard to Mr. Rafter’ of arithmetical methods, it is 


| ~ The o only difficulty i is in assuming the right level. It is true that with « a 
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a assumed level, but it would come in rene to a balanced 8 lation of Mr. Seddo 
Mi the surface that had but one given value for the surface level atagiven 


4 would be glad enough to drop arithmetic, and take up t the mathola of 
caleulus which determine the whole matter at once. 
_ Simply stating, however, the questions in such an analysis, § say, y, of the 
twenty-five years means of the Great Lakes, involves a cumulative series pI 
of local effects transmitted down on levels that are everywhere condi-— a 
- tioned by the ultimate balance of supply and discharge, and that can ¥ 
not be. assumed arbitrarily. Considering the cnumber of 


Y the whole cycle in much less than the | computations given, pages 420 
to 425, where it is all worked through in the fullest detail. - While, of a oe 
: a course, it is in general a safe criticism to suggest that any method might _ 
, -. be simplified, it is hardly a fair one unless at the same time it is also ; a ae 


Con. H. M. Carrrenpey.—In closing this discussion, | the enieen’s of Col. Chittenden ae 


the first part of the paper will consider briefly the following points: 2a ia — 
Method of investigation; conclusions arrived at; character of works ; _ 


‘The suggestions ns offered by Mr. Rafter wi ere ‘particularly pleasing 
Me ve o the author, because they present in minute detail the very pro- 
. gramme actually followed by him until it proved impracticable. The 
attempt was made, with great | labor and perseverance, tor reach as satis- x 
factory solution of the reservoir problem of the Great Lakes" by 
commencing with the primary elements of S, viz., rainfall, run-off and 
evaporation. The records of rainfall were obtained from nearly every 
ie point in the St. ‘Lawrence Basin where they have been officially kep 
$ «= during all or a ‘portion: of the twenty-five years from 1871 to 1 


Careful studies” of the subject t of 3 run- -off were made from the 

records Mr. Rafter refers to, viz., the upper : Mississippi, the Des 
Plaines, and the Muskingum Rivers. The subject of evaporation was 
considered in the light of the best available data. Repeated efforts 
were made, both for single years and for the means of longer periods, 
to harmonize these data with their effects as shown in the rise and fall 
a sal the lakes and in the flow of the outlets. The result in every case 
was failure. It was not possible to satisfy , Within any admissible ap- 

ee , the following equation which we know must bea true o 


* While pursuing this line of investigation the author used depth in feet upon ot 
land area and water surface, as Mr. Rafter suggests. In the more general discussion. 
however, this was not found practicable. If was often necessary to use the same quan- __ 

» tity with reference to different lakes and water-sheds, as where Q is taken with reference ee 


to the lakes above and below the outlet to which it refers. oreover, the cubic foot 
A being the unit almost universally used in American river engineering, it was thought | 
best, for the purposes of comparison, to use it here. In the mathematical analysis the a 
character of the unit was mbols dealt with were general in char- 
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Col.Chittenden in w hich 


represents precipitation upon the surface of the 


_ R, represents run-off from the land area, and includes, not only the 
discharge of the streams. but all subterranean flow into the 


u the lakes of whatever character; 


- ae E represents evaporation from the surface of the lak ay 
represents storage, and is to be considered as negative 
rising lake and positive with a falling lake, and 


_ ‘The author became thoroughly convinced that data in regard to 

P. 7 Re R,, and Ein the basin of the Great Lakes are, and must ever eae 

3 too uncertain for use in precise work. _ The vastness of the Pe 

“- _ areas considered; the marked variations in rainfall at different points — 

not so very far apart; the possibility that large quantities of water ; 

: a, d find their way to the lakes, as Professor Johnson n suggests, by « channels — oe : 

7 which can never be reached and measured; the certainty that there is “3 s 
= $,. an immense but indefinite body of water in the land about the i 

j 


which flows out as the levels fall and in as they rise; and, finally, the — 
‘7 great uncertainty in regard to evaporation;—all these drawbacks may 


a _ well discourage him who tries to investigate the reservoir problem a 2 
e lakes by approaching it from this direction. 
= sss Having failed to reach any satisfactory result on these lines, the — 
= 2 ph plan was adopted of studying S, not from its component parts, but z 
from its effects, as shown i in the Tise and fall of the lake surfaces end 


in the flow of the outlets. 
to precise data that or ‘future records be to yield. 


a 
= 
n 
oe 
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authors believe that this is the truly rational method of treating 

the problem, and that results of positive value are to 


knowledge of R,, R, and E. It will always be a matter of scientific 
_ — to reach a nearer solution of the above equation than is now a 
possible, and assistance of great value could probably be derived from 
‘such data in any actual regulation of the lake levels. 

a 18 hardly worth while to note in this connection ‘Mr. Wisner’s 
observation that the authors used integral calculus in their work 


ae a therefore had to assume a regularity of variation which is never exem- _ 


phfied in the actual records of lake levels. if Mr. Wisner had exam- 

ined this study more closely, he ‘would not only have avoided a 
- misquotation of the authors, but would have seen that their method — 
may be applied to the most  ienqgetee phenomena which the fluctua- 

thon of lake levels presents. — Nowhere do the authors say, or even : 


imply, , that “the supply to a any given lake from inflow, drainage, 
_ precipitation and evaporation will vary as the sine of an are,” etc; 
_ On the contrary, Mr. Seddon (page 402) says that ‘‘the actual ae 2 
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ply in any given year can never be exactly represented by any Col. Chittenden 
regular variation.” “But by varying the length of the cycle, the most 
"divergent « cases may | be studied, from: the sudden rise in level due to 

4 a heavy and general ; rain, to those long periods of change covering 

several years, which the author has referred to as the cyclic fiuctua- L 

tion. The limitations of space made it impossible to put in a single y 

paper a detailed explanation of the various applications of the general al : 

formula; but the ‘method itself was indicated with sufficient clearness 


Mr. Wisner challenges t he correctness of the statement thet that 
(maximum) is is independent of 8S, and in 1 so doing 


the author. What is ‘actually said ( page 363) i is that, ‘for a given eyele, 

_ is a function of area and outlet alone, and independent of S; P also - 
is a function of area and outlet alone,” etc. This is rigidly 
true. 


x the 


may be modified with i impunity; a 
tion of this principle would deprive the: river and harbor et engineer of his 
This dire foreboding is effectually dispelled by the very 


‘The foress 8 of Nature in in tidal channels have generally 
obstructive in their action; whereas, in the case cited by the author » 
, they have been exactly the reverse. Did these forces everywhere do for 
- navigation what they have done in the Great Lakes, the work of tte vt 
ty ver and harbor engineer would indeed be greatly curtailed in scope. b ae 
‘The only point in Mr. Wisner’ s discussion which may possibly : assail 
| etoctall any of the author’s views is where he questions the assump- 
tion that the value of @Q is ‘‘determined at any time solely by the . 
aa . value of i.” He holds that this is not true of the outlet of Michigan- ane 
7 > Huron—that s at the lower stages of this lake the slope in | the outlet i is ~ 
frequently gre greater than at the higher stages; and that, owing to ‘this: 
— slope, the discharge at the lower stages is greater than atthe 
ay o: higher. This may or may not be true. The author could not find 5 
- sufficient evidence of its truth to justify him in applying a / different | 
i to the discharge of this outlet / from that of any other. He is, 
Cy nevertheless, ¢ entirely o open to conviction and will welcome a final deter. 
Inination of the matter. _ Those charged with this 
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Mr. Wisner takes exception to the author’s d 
forces of Nature have done so much for the navigation OF the ureau 
ES Lakes as to make it exceedingly doubtful to what extent their action _ a —— .— = 
— 
— 
— 
= = 
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§ 
satisfied only with the most complete and conv incing data. No partial 
or incomplete series of measurements, nor any, in fact, that fail to 
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necting link between Huron and Erie, and for every phase of the relative 
levels of these lakes, will be accepted as conclusive. 
ihe 
= 
same, Mr. Wisner conveys the idea that he more advanced 
J iews than other engineers. Whatever may be the ‘‘ elaborate reports” 


to 0 which he refers, the author recalls at least one such ‘report, written 
y perhaps the ablest livi ms authority upon the Great Lakes a among > 


‘neous s inference a as author's position ‘upon this point 1 may y be 
_ drawn from Mr. Wisner’s remarks, the following quotation is given 
_ from page 381, where the author discusses the means of preventing 


t the lowering of lake levels from the above ee 


superfic ial area the ec contraction would have to be greater than 


section is in the direction ‘of deepening and narrowing the outlet; a 
a deep and narrow channel will carry more , water than a wide a 


he all the time instinetiv vely feels that: Bit: 


_ To agree with all of them will leave the advocates of dams with oe 
-aleg to stand on, and to almost force the conclusion that ages 
whatever can can be done for the improvement 0 of the Great Lakes.’ 

This is certainly a very different view from that entertained by the 

4 authors themselves. If they have succeeded in correcting some falla- 
- cious ideas in regard to the practicability of eliminating the annual ‘ia = 

_ fluctuations i in the levels of the lakes; of compensating by storage in a 

Superior for a permanent diversion from Michigan at Chicago, and 
establishing a satisfactory automatic regulation of levels in Erie by 
* long weir at Buffalo; they have not in any sense represented the 
problem of improving the navigation of the lakes by means of regulat- — 


_ ing works in the outlets as an impracticable one. In order to clear re 4 
doubt upon this point, the sions indicated by their investi- 


(1) It is neither practicable nor desirable to restrict the range a 


annual oscillations of the lake levels. It is the storage represented 
by these oscillations | that furnishes the key to the whole system of 
- navigation, for without it the flow in the outlets could not be- 


(2) It is spied to eliminate the cyclic ductuations, and t 


— 
2a 
et of such a change must inevi 
— boon of the channels between the lakes, — 
a 

Passing now from methods to t paperto | 
1 have found anything in the present 
Colonel Roberts should hav 
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a certainty that they have a Jeph 
through the connecting channels and in the harbors, and that there | e 
4 ill not again come those periods when the mean levels will go down — 
“a and down for a series of years, surely they will be relieved of one © 
great cause of hile it is probable that any ‘practicable 


. nual fluctuations, there is is no apparent r reason w n why this. ‘should be ob- 
jectionable, unless such increase reach the point of causing 


the navigation season and to hold it at a uniform point during that 
time; for again, let it be ‘remembered, increased fluctuation of level in 

‘the lakes is a less serious matter than increased variation of discharge © 
in the navigable outlets, particularly in that between Huron and Erie. 

(8) It is entirely practicable to raise the mean levels of all the lakes, , 
= Ww hereby an improvement of | _ of harbor and channel depths can be ac- 
complished throughout the s system. a. The point. of difficulty i in this 

eeveneg will undoubtedly be so to construct the works as not toin- a 
- erease slopes in the channels to such a point as seriously to interfere 
Ww with navigation or to necessitate the use of locks. 
P (4) It is utterly impracticable to. prevent by means of storage in ae ay 
‘Superior a permanent lowering of mean level in the system below, _ 
which must result from a permanent diversion of supply at Chicago. . 
The only way to prevent such a result will be to restrict the discharge re. 
i in all the outlets below the points of div ersion, so that at the normal — * 
- mean level, it shall be equal to the previous normal mean flow lessthe _ Pr 
a works” at Buffalo may, as one writer sug- 
P gests, be sufficient to prevent a seaeateetih drop in the mean level of tha 
-Michigan-Huron, due to diversion at Chicago. The author does not 
‘ believe it. Neither can such works have any y effect u the mean 


‘This leads to the final topic embr aced in this discussion—the char- 


Lakes. Since the e completion o of his paper last ‘April, the author has : 
had considerable correspondence and discussion upon this feature of . 
a = the subject. — ‘Nothing has developed to shake his conviction that any = 


i acter of the works required for the regulation of levels of the Great iat 


the control of human agencies, as originally pcan by Colonel 
Rober ts. fixed work at the outlet of Erie which should give a 
variation of discharge of, say, 60 000 second-feet for a variation in level Lr, 

of say 6 ins. cannot but be disastrous, or at least very injurious, to 7 ¥ 
navigation in Niagara, owing to the frequent and sudden fluctuations _ oe 
at the foot: of Erie from ¢ causes in ‘no way connected with 


keep ne anes ever falling below a fixed minimum Col.Chittenden 
gles 
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us ON RESERV OF ou. AT 
Col. Chittenden “ to revision by the. east wind,’ as Mr. Brinckerhoff suggests, 
is the plan of the advocates of the slong w weir ‘and of automatic regula. 
If the author were rewriting his paper he would modify his treat- 
-- ment upon pages 369 and 382 by introducing the word ‘fixed ” before _ 
oe works,” and by adding a third class of works, those, namely, which | q 
not fixed in character, subject to direct control. He holds 
_ ‘that there is s nothing i in the present state of knowledge of the } physics — 
ke _ of the Great Lakes to warrant the sweeping assertion that contracting as 
7 works in the outlets may not be so constructed, as to secure all the 
os ip above proposed without injuring the navigable condition of the 
. a The ‘problem of improving the navigation of the Great Lakes by 
_ ‘means of regulating works at or in the outlets is not by any means the — 
easy and simple problem which some of the earlier expressions of the 
adv ocates of f regulation would lead t us to suppose. it need | occasion 


orks are not at first fully realized. “The dev elopment of asy 
re a = very likely be tentative in character, modified by experience with | 
works partially built, and brought to final success, not by any single | “a 
of engineering genius, but but by the gradual contributions s of 
many years and many minds. 
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